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PREFACE 


This book was written with the express purpose of making it 
possible (and easy) for anyone in the electronics field to 
start using SPICE to analyze electric or electronic circuits 
in a very short time. SPICE is simple to use when you have 
learned its rules and syntax. Learning those things was chal- 
lenging for me and for others I spoke with, since a text on 
the topic didn’t exist. My engineering technology students 
have been using SPICE on a mainframe computer for years; they 
were able to master its use by following examples which they 
received in class. Each example contained a schematic dia- 
gram of the circuit to be analyzed, the input file which de- 
scribed the circuit to SPICE, and the output file created by 
SPICE with a discussion of its contents. After making a few 
of the classical errors (e.g. typing a letter "O" when the 
digit "0" (zero) was intended), most students were quite com- 
fortable doing analyses completely on their own. 

During what was to be a leisurely one-semester sabbatical 
leave, I had planned to write a small manual on SPICE for use 
by students at Ward College of Technology of the University 
of Hartford. Discussions with Greg Burnell, Editor-in-Chief, 
Electronic Technology, at Prentice-Hall convinced me _ that 
there was a need for a text on circuit analysis using SPICE 
that would appeal to two types of readers. 
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The first type is engineering and engineering technology 
students, for whom this book could be a supplemental text for 
any circuits or electronics course. In addition to learning 
classical methods of circuit analysis and design, they also 
need to learn how to perform circuit analysis on computers in 
order to be prepared for industry. One added benefit of simu- 
lating circuit behavior on a computer is that students can 
gain great insight into circuit behavior which would be other- 
wise unattainable due to the sheer tedium of the mathematical 
operations necessary. For example, a student having spent 
the better part of an hour analyzing a transistor amplifier 
with a BJT whose beta is 80 is not likely to repeat the exer- 
cise with the beta changed to 40 just to satisfy intellectual 
curiosity. With SPICE, repeating the analysis would take on- 
ly a few seconds. Also, by using computer simulations to 
check the work they do by hand students gain confidence in 
their own analytical abilities. 

The second type includes practicing engineers, technolo- 
gists and technicians who are already competent at circuit 
analysis and design and want to learn how to use SPICE. This 
book will help them to use the computer to confirm results ob- 
tained by hand, to save time in the laboratory and to go from 
a concept to a working prototype with minimum delay.  Al- 
though SPICE (or variations of it) can be found in a large 
number of universities and industries, it is still not easy 
to learn to use it due to the lack of a text with sufficient 
clear examples. 

Thus, to answer a clear need, the book you are looking at 
was developed (the sabbatical was not altogether leisurely). 
It has a large number of examples which illustrate nearly all 
the capabilities of SPICE. A first year student may be able 
to use only the DC and AC analysis examples at first. AS 
that student’s knowledge of electronics advances, more and 
more of the book will be appropriate and useful. Conversely, 
a practicing engineer, technologist or technician may wish to 
jump to the more advanced topics right away. It is advisable 
for that reader at least to skim through the preliminary chap- 
ters to see first the pitfalls (not many, but potentially fa- 
tal) and second the extensive capabilities of SPICE. 

Chapter 1 is an introduction to computer-aided circuit 
analysis, including a brief history and some insight into how 
it is done by a computer. The history of SPICE is covered in 
Chapter 2, emphasizing why such a tool was needed for integra- 
ted circuit development. 
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The specific steps needed to run SPICE are presented in 
Chapter 3, including the pitfalls you may encounter when cre- 
ating input files. Chapter 3 also shows how to describe re- 
sistors, capacitors, self and mutual inductors, and indepen- 
dent voltage and current sources to SPICE. The actual "how 
to do it" process is shown in Chapter 4, which includes four 
example analyses which illustrate the capabilities of SPICE. 
After reading Chapter 4 the reader should be able to begin us- 
ing SPICE (assuming you have access to a mainframe computer 
with SPICE on it, or to a personal computer and a PC version 
of SPICE). 

Linear dependent (controlled) sources are explained in 
Chapter 5. Chapter 6 is an examination of ten kinds of ana- 
lysis of which SPICE is capable, containing examples of DC, 
AC, transient, operating point, transfer function, sensi- 
tivity, distortion, noise, Fourier and temperature analysis. 
How to convince SPICE to make graphs and tables of analysis 
results is covered in Chapter 7. 

The large topic of semiconductors and their SPICE models 
is shared between two chapters. How to describe semiconduc- 
tors to SPICE is covered in Chapter 8, while an introduction 
to changing semiconductor models follows in Chapter 11. 

Chapter 9 presents the use of subcircuits in SPICE input 
files. Transmission lines are examined in Chapter 10, includ- 
ing examples showing time-domain reflectometry and_ steady- 
state AC analysis. 

The part of the book that ties it all together, Chapter 
12, presents 30 examples of SPICE analysis. Each example con- 
tains a schematic diagram of a circuit to be analyzed, an in- 
put file submitted to SPICE for analysis, the results in an 
output file created by SPICE and a discussion of key points 
illustrated by the example. 

Five appendices present other SPICE features, how to 
model transformers and switches, nonlinear (polynomial) 
dependent sources, a bibliography and sources of SPICE-based 
circuit analysis software. 

Each example in the text can be considered to be a prac- 
tice problem, and it is expected that readers will have no 
shortage of circuits to analyze from courses being taken (if 
students) or from daily work (if engineers, technologists or 
technicians). Only by applying SPICE to your own circuits 
will you achieve a mastery of SPICE for your purposes. 

I am grateful to all those at the University of Hartford 
who supported this effort and helped make it happen. This 
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certainly includes my students from whom I learn so much 
about learning. Greg Burnell and Mary Carnis of Prentice 
Hall have earned my respect and gratitude for their gentle 
but effective guidance throughout the writing of the text. 
The comments provided by James Morris of T.J. Watson School 
of S.U.N.Y., David O’Brien of Wentworth Institute of Techno- 
logy, and Carl Zimmer of Arizona State University were most 
helpful. Without the patience and help of my wife, Mattie 
(an eagle-eyed proofreader), and my children Amy and Jeremy I 
could not have written this book. Thank you all. 


Walter Banzhaf 

Ward College of Technology 
University of Hartford 

West Hartford, Connecticut 
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INTRODUCTION 
TO COMPUTER-AIDED 
CIRCUIT ANALYSIS 





1.1 THE NEED FOR COMPUTER-AIDED 
CIRCUIT ANALYSIS 


Circuit analysis is a necessary part of circuit design. Once 
a design for a circuit has been determined, the soundness of 
the design must be tested to ensure that the circuit does in- 
deed perform as required. Often this involves testing for DC 
operating point and performance with signal applied, over a 
range of DC supply voltages, input signal levels, and tempera- 
tures. The time-honored way to do this was to build a proto- 
type of the circuit, send it off to the laboratory, and _ in- 
vest large amounts of time and money in putting the circuit 
through its paces, in the hope that it would perform as de- 
sired. 

Even if it did, one did not know how the circuit would 
perform with active devices whose parameters ranged consid- 
erably from a nominal value. For example, a small signal 
transistor typically has a DC current gain, or beta, around 
100. The values of beta one might encounter in a lot of ac- 
ceptable transistors shipped by a reputable manufacturer 
could range from 40 to 250. A prudent circuit designer would 
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have to test the circuit operation by building many test cir- 
cuits, using transistors at both ends of the beta range, and 
putting all of them through their paces. If there were a way 
to simulate accurately and with confidence the performance of 
electronic circuits without having to build them, the devel- 
opment cost and time to bring a new circuit into production 
could be reduced. This is why a great deal of effort was put 
into simulation of circuit performance by computers. 


1.2 ECAP IS DEVELOPED 


Computer-aided circuit analysis first became popular in the 
mid 1960s when the computer program ECAP (Electric Circuit 
Analysis Program) was developed and made available. This 
software for mainframe computers (since that’s all there were 
at the time) made it possible for an engineer to analyze an 
electronic circuit without having to write equations defining 
the circuit. ECAP was a major accomplishment by programmers 
at IBM Corporation. Once the program user described the cir- 
cuit using nodal notation, the program itself wrote the cir- 
cuit equations and solved them. 

Prior to the development of ECAP, digital computers had 
been in use for years for solving circuit equations. But the 
tedium involved in writing those equations for all but the 
most simple circuits was substantial. And once the equations 
were written by an engineer and solved by a computer, any 
change to the original circuit design necessitated the re- 
writing of the circuit equations. 


1.3 AFTER ECAP 


ECAP was followed by several similar programs, which offered 
a variety of improvements to ECAP. Among these were SPECTRE, 
TRAC, NET and CIRCUS. This book is about SPICE, which is the 
most popular computer program in the world today for predict- 
ing the behavior of electronic circuits. 

It is not necessary to understand the algorithms and math- 
ematical techniques that are utilized by SPICE to analyze cir- 
cuits in order to be successful at solving circuit problems 
with SPICE, any more than one must have a working knowledge 
of internal combustion engines to drive a car. However, it 
is vitally important for anyone using SPICE (or any other com- 
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puter analysis/design program) to be a competent practitioner 
in the field. Only in that way can one check the correctness 
and reasonableness of the answers by estimation using sound 
engineering judgement and/or by working a sample problem 
through by conventional means. 

Also, for some of the trickier kinds of circuit analysis 
involving circuits which have positive feedback (oscillators, 
Schmitt triggers) or when non-linear circuit elements are 
present, a little insight into how SPICE does things can be 
useful. 


1.4 HOW IT’S DONE 


If you do want to know how circuit analysis is performed by a 
computer, a brief look at some of the techniques used by 
SPICE may give you some insight into the process. A_ vastly 
more detailed reference is L. Nagel’s thesis, "SPICE2: A Com- 
puter Program to Simulate Semiconductor Circuits." Informa- 
tion on ordering a copy can be found in Appendix E. A con- 
densed explanation of how SPICE works is nicely presented by 
W. Blume in an article in BYTE magazine, referenced in Appen- 
dix D. 

Circuits are described to SPICE by use of an input file, 
which lists each circuit element (resistor, capacitor, induc- 
tor, voltage and/or current source, semiconductor device) and 
indicates how each is connected using node numbers. In addi- 
tion, there are lines in the input file which designate the 
frequency of sources, temperature, the types of analyses to 
be done and how the analysis results are to be presented. 

SPICE reads the input file and figures out all the cir- 
cuit elements connected to each node. It then uses Kirch- 
hoff’s current law to create a system of equations for the 
Circuit, where the voltages at each node are the unknowns, 
and the admittance (inverse of impedance) of each branch con- 
necting two nodes are the known quantities. This is a form 
of nodal analysis. Of course, before this can be accomplish- 
ed SPICE has to know the model for each semiconductor in the 
circuit (it does) and determine the specific values for each 
parameter in the model. 

What then results is a system of simultaneous equations, 
whose size is determined by the number of nodes and circuit 
elements in the circuit; this group of equations is made into 
an admittance matrix. In order to solve this matrix, a tech- 
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nique called the Newton-Raphson method is used. Nagel’s the- 
sis not only describes how all the algorithms of SPICE work 
but also explains alternate methods which were considered, 
tried and ultimately rejected. While it makes for _ interest- 
ing reading, as stated earlier it is not necessary to have a 
particle of insight into the analysis methods used, especial- 
ly for the person just learning SPICE. 


CHAPTER SUMMARY 


Computer-aided circuit analysis saves time and money in the 
process of circuit design. 


ECAP, developed by IBM Corporation, was the first widely- 
available computer program for analyzing electronic circuits. 
It wrote and solved the equations for a circuit described to 
it by nodal notation. ECAP ran on mainframe computers, since 
personal computers did not exist. 


A large number of programs were developed after ECAP; the 
most popular is SPICE. 


You can use SPICE to predict circuit behavior without having 
an understanding of how the algorithms in the program func- 
tion. However, it is important to be competent in electronic 
circuit analysis in order to verify results of SPICE. 


Chapter 2 


HISTORY OF 
AND INTRODUCTION 
TO SPICE 





2.1 ACKNOWLEDGMENT 


SPICE was developed by the CAD (Computer-Aided Design) Group 
of the University of California, Berkeley, and is the sole 
property of the Regents of the University of California. The 
author is grateful to the University of California for grant- 
ing permission to use excerpts from its Electronics Research 
Laboratory memoranda in this book. 


2.2 THE NEED FOR CAD 
WITH INTEGRATED CIRCUITS 


During the early 1970s, the number of active devices on 
integrated circuits (ICs) being developed grew dramatically; 
SSI (small-scale integration, characterized by about 20 tran- 
sistors on each IC) led to MSI (medium-scale integration, 


with about 100 transistors per IC). (Specific quantitative 
definitions of SSI, MSI, LSI and VLSI vary; the transistor 
counts shown here are representative.) Later came LSI 


(large-scale integration) and VLSI (very large-scale integra- 
tion), in which there were literally thousands of transistors 
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on one integrated circuit. A 16-bit microprocessor IC has up- 
wards of 50,000 components on one tiny piece of silicon. Mod- 
ern active filter, analog to digital converter and digital 
signal processing ICs are similarly complex, and increased 
numbers and densities of components on ICs are projected. In 
Chap. 1 the need for and methods of testing ordinary (non-IC) 
circuit designs were presented. Imagine the difficulties 
involved in breadboarding an integrated circuit prototype 
with hundreds or thousands of transistors, only to discover 
during the laboratory test phase that the design is faulty. 

CAD is also a necessity for IC development because it is 
physically impossible to prototype accurately an integrated 
circuit using discrete components. A collection of individu- 
al transistors, diodes, resistors and capacitors connected 
together by wires on a circuit design board differs consider- 
ably from the same circuit implemented on an integrated cir- 
cuit for the following reasons: 


1. The stray, or parasitic capacitances and inductances 
of an IC are much smaller than those of a circuit built 
on a circuit design board, due to the tiny dimensions of 
conductors and components on the IC. 


2. Each discrete component on a circuit made on circuit 
design board will have a different temperature, due to 
the differing amounts of power dissipated by each resis- 
tor, diode and transistor. On an IC, the close proximity 
of components ensures that they are all at essentially 


the same temperature. The temperature differences  be- 
tween IC components, though slight, may be significant in 
certain operational amplifier applications. Since the pa- 


rameters of electronic devices depend on temperature, the 
components on an IC will be much better matched than 
those in a circuit made with discrete components. 


3. Propagation delay, or the time it takes for a change 
in voltage at one point in a circuit to reach another 
point, is dependent upon the geometry and physical size 
of that circuit. The high-speed performance of a circuit 
made on an IC will bear little resemblance to the perfor- 
mance of that circuit built on a circuit design board 
with discrete components. 


One might then ask why not prototype a circuit design by con- 
structing an IC, testing it, and refining the design based on 


Chap. 2. History of and Introduction to SPICE 7 


test results? The costs of creating ICs in the small quanti- 
ties such an approach would require are prohibitive. Integra- 
ted circuits can only be made inexpensively when the volume 
is very high. Further, even if one did build a prototype IC, 
if it did not perform as desired it would be extremely diffi- 
cult to probe the tiny circuit to discover the cause of its 
substandard performance. 


2.3 SPICE BACKGROUND INFORMATION 


SPICE is an acronym for Simulation Program with Integrated 
Circuit Emphasis. It was developed by the Integrated Cir- 
cuits Group of the Electronics Research Laboratory and the De- 
partment of Electrical Engineering and Computer Sciences at 
the University of California, Berkeley, California. The per- 
son credited with originally developing SPICE is Dr. Lawrence 
Nagel, whose PhD thesis describes the algorithms and numeric- 
al methods used in SPICE. SPICE has undergone many changes 
since it was first introduced; improvements were and are be- 
ing made on a continuous basis as bugs are encountered in 
using it. 

It is a large (over 17,000 lines of FORTRAN source code), 
powerful and extremely versatile industry-standard program 
for circuit analysis and IC design. A _ significant number of 
companies have customized Berkeley SPICE for in-house circuit 
development work. Many software packages based on SPICE have 
been developed which include the SPICE2 program from Berkeley 
as the core for performing circuit analysis. Most of these 
include useful programs added to make the complete package 
easier to use. For example, SPICE2 is not interactive, it 
does not have the capability to reference a library of 
semiconductor components, and its graphs are made on a line 
printer using ASCII (American Standard Code for Information 
Interchange) symbols. Some of the commercially available 
packages are interactive, do include extensive libraries of 
parts, and have graphics post-processors which make 
professional-looking graphs. They range in cost from under 
$100 to $50,000; some run on a _ personal computer, while 
others must run on a large mainframe computer. Information 
on some of these can be found in Appendix E. SPICE3, written 
in C language, is also available from Berkeley. 

SPICE and other packages based on it will be around and 
widely used for many years to come. As you will see as you 
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read through this book SPICE, though developed for the design 
of integrated circuits, can be used to solve a great variety 
of non-IC circuit problems involving power supplies, three- 
phase power systems, transmission lines and non-linear com- 
ponents, to name a few. Anyone performing circuit analysis 
or design should have a working knowledge of SPICE in order 
to save time, money, and to gain insight into circuit behav- 
ior by answering "what if" questions with a computer simula- 
tion. “What if" questions are frequently not answered if the 
tedium involved in doing so outweighs the curiosity of the 
person asking the question. 

Students will find SPICE to be an important tool for 
learning circuit analysis and design, and for testing elec- 
tronic circuits in ways they could not easily do in most col- 
lege laboratories. Faculty must be careful, however, to en- 
sure that students are competent in traditional methods of 
circuit analysis before exposing them to computer methods. 


CHAPTER SUMMARY 


SPICE was developed for analyzing IC designs by the CAD Group 
of UC/Berkeley in the 1970s. 


A need for a program like SPICE arose because IC designs 
cannot be tested by breadboarding discrete components, and 
the trial-and-error method for ICs is too costly. 


SPICE (and derivatives of it) are widely used in industry and 
universities. Though developed for IC design, it can be a 
useful tool both for the student and practicing circuit 
designer with many non-IC circuits. 


SPICE can quickly give answers to "what-if" kinds of ques- 
tions that would be all but unanswerable without computer- 
aided circuit analysis. 


Chapter 3 


GROUND RULES OF SPICE 
AND BASIC ELEMENT 
LINE RULES 





3.1 INTRODUCTION 


0 

In order to perform circuit analysis, one must first have a 
circuit to ,analyze. The purpose of this profound statement 
is to reinforce the idea that the circuit design must be done 
by a ‘ferson. SPICE can only simulate how a given circuit 
will behave; it can’t suggest ways to improve the performance 
of that circuit, and it certainly can’t synthesize a circuit 
when given the design criteria. 

SPICE is not an interactive program. The circuit and the 
types of analysis to be done are described to SPICE in an 
input file. This input file is created using a text editor 
on a computer, and is submitted to SPICE for analysis. The 
results of the analysis (or helpful error messages, if errors 
existed in the input file) appear in an output file written 
by SPICE. If the results indicate that the circuit needs to 
be changed, the circuit designer modifies the circuit, edits 
the input file, runs SPICE again, and examines the output 
file. This process can be repeated as needed. Thus, SPICE 
is seen to be a substitute for the cut-and-try method of 
testing circuit prototypes in the laboratory until the 
desired performance is achieved. 
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In some ways, using SPICE can be like trying to register 


a car by mail: 


Doing Car Registration by Mail 


Fill out a form and write a 
check. 


Send the envelope off to the 
friendly folks at the Motor 
Vehicle Dept. (MVD). 


Much later, receive large 


envelope from MVD, contents 
unknown. 


Open envelope, read contents. 


Running SPICE 


Create a SPICE input 
file. 


Run SPICE in batch 
mode. 


Notice a FORTRAN stop mes- 
sage on monitor, meaning 
SPICE has created an output 
file. 


Examine SPICE output file 
on monitor. 


When you open the MVD envelope you might find a list of 73 
reasons why you can’t register the car with the form the way 
it is. The SPICE output file may contain error messages 
which tell you what is wrong with your input file, or perhaps 
the analysis was successful but the results are presented 
differently from the way you’d like to see them. 

Just possibly the envelope contains your new license 
plates, and just possibly the circuit analysis went precisely 
the way you intended. In fact, you don’t know whether you 
have been successful at either venture until you examine the 
results. Just as the MVD form can be changed and mailed off 
again, the input file can be edited and resubmitted to SPICE. 
Eventually the license plates will arrive and the output file 
will have all you want in it. 


3.2 PROCESS FOR USING SPICE 


The process for using SPICE to analyze an electronic circuit 
is detailed below. Fig. 3.1 is a flowchart showing the 4 
necessary steps. 


1. Start with a schematic diagram of the circuit, and no- 
tate it for SPICE. Notation consists of three steps: 


Chap. 3 Ground Rules of SPICE and Basic Element Line Rules 11 


NOTATE SCHEMATIC 

FORA SPICE ANALYSIS 
DECIDE TYPES OF 
ANALYSIS TO BE DONE 
CREATE SPICE INPUT FILE 
USING A TEXT EDITOR 


RUN SPICE USING SPICE 
INPUT FILE 


EXAMINE SPICE OUTPUT 
FILE RESULTS 























EDIT INPUT FILE TO 
INCLUDE CHANGES 
DECIOE WHAT HAS 

TO BE CHANGED 


NO 


YES 
ANALYSIS COMPLETED 


Figure 3.1 Flowchart Showing How to 
Analyze a Circuit with SPICE. 





a. Give each component, or circuit element, a name. 
For example, a 10K ohm resistor could be named R, R7, 
RLOAD or RBASEQI. Notice that the name of a resistor 
must start with the letter R, and can contain from 1 
to 8 characters. Each element must have a different 
name. Capacitors start with C, inductors begin with 
L, ete. 


b. Assign one node (a point of connection between two 
or more circuit elements) the node number zero. This 
is the ground (or datum) node, and all other circuit 
node voltages will be expressed with respect to this 
node. While the datum node need not be the actual 
circuit ground node, it is sensible to assign it this 
way. 
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c. Each additional node in the circuit is given a node 
number, which must be a positive integer. The order 
in which nodes are numbered is arbitrary, and node num- 
bers need not be sequential. Each node must be con- 
nected to at least two elements, except for transmis- 
sion lines and MOSFET substrates. 


2. Decide what type(s) of analysis you want to perform on 
the circuit. SPICE can do DC, AC, transient, DC transfer 
function, DC small-signal sensitivity, distortion, noise, 
and Fourier analyses. Based on the types of analyses to 
be done, one or more control lines will have to be added 
to the input file. A control line could specify the val- 
ues of DC voltage or current for a source, the range of 
frequencies an AC source is to have, or the time interval 
over which a transient analysis is to take place and the 
time step size to be used. Control lines also instruct 
SPICE how to present the results of the analyses; tabular 
form and graphical form are available. 


3. Create an input file for SPICE using a text editor. 
Use only capital letters in this file; though some SPICE 
derivatives will accept lower-case letters, others will 
not. The first line of the input file MUST be a title 
line. The last line of the input file MUST be .END 
Note that in the .END line the period (.) is a necessary 
part of the line. Other than the title line and the .END 
line, the element lines and the control lines can be in 
any order (one exception to this is when subcircuits are 
used). Generic and annotated sample SPICE input files 
are shown in Figs. 3.2 and 3.3, respectively. Additional 
sample SPICE input files can be found in Chaps. 4, 7, 9, 
10 and 12 as well as in Appendices B and C. 


TITLE LINE ------ always first in input file! 
ELEMENT LINE. 


ELEMENT LINE : these lines can be in 
COMMENT LINE t any order between the 
. if TITLE and .END lines. 


COMMENT LINE wf 
CONTAOL LINE Vv 
¢ 


CONTROL LINE” 
SEND * 0 ee, @lways last in input file! 


Figure 3.2 Generic SPICE Input File. 
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ANNOTATED INPUT FILE This title line is a must! 
VBATTERY 11 0 6 A DC source, 6 V, node 11 is +. 

* BATTERY IS A NI-CAD TYPE A comment line reminds you later. 
RA 11 6 20 Element line for 20 ohm resistor. 
RC 6 0 S51 Here’s a 51 ohm resistor. 

RB 6 18 47 47 ohm R between nodes 6 and 18. 
* REMEMBER R TOLERANCE! Comments make file readable. 
LOUTPUT 18 0 3 Element line for 3 H inductor. 
-OP Control line; does operating point. 
-END This line must be the last one. 


RA [se] RB 


VBATTERY 





Figure 3.3 (a) Annotated Sample SPICE 
Input File; (b) Circuit Described by 
Sample SPICE Input File. 


4. Run SPICE, which will perform a circuit analysis and 
create an output file. Examine the output ‘file. If the 
results are not satisfactory, revise the circuit as neces- 
sary, edit the input file to reflect the change, and run 
SPICE again. 


3.3. RIGID RULES, HANDY HINTS 
AND USEFUL THINGS TO REMEMBER 


1. Each node must have a DC path to ground, which is node 
zero. This is necessary so that SPICE can do an initial 
DC small-signal analysis to determine the DC voltage at 
each node. The simple case where two capacitors are in 
Series, with a node at their junction, will lead to an er- 
ror message and the aborting of the SPICE analysis. A 
way to avoid this is to place a large value of resistor 
(1. giga-ohm or 1 tera-ohm) in parallel with a capacitor, 
thus providing a DC path to ground. Such a large value 
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of resistance will not materially alter the circuit per- 
formance, and will allow SPICE to run the analysis. 


2. SPICE will not allow a loop of voltage sources and/or 
inductors, nor a series connection of current sources 
and/or capacitors. The use of a very small resistor in 
series with an inductor, or a very large resistor in par- 
allel with a capacitor (see hint |! above) will eliminate 
this problem. 


3. Comment lines are very useful in programs that are to 
be looked at by a human being, even when that human is 
the author of the programs. The same is true of comments 
in SPICE input files. Well-crafted comments will help 
when one refers back to an old input file to assist in 
creating a new file. 

To make a comment line, put an asterisk (*) in the 
first column and write the comment. Comments may appear 
anywhere in the input file except for the first line 
(which is always the title line) and the last line (which 
is always .END). SPICE ignores all comment lines; how- 
ever, you will be glad you took the time to put them in. 


4. Creating the .END line may get you in trouble. Some 
text editors (EDT on a VAX computer is one) will put in a 
blank, empty line after the last carriage return (or 
ENTER). If you type .END and then hit carriage return, 
an empty, blank line (but nonetheless a line) is put af- 
ter the .END line. When SPICE examines the input file, 
it will find that the last line is not .-END, and _ will 
give you an error message. If you get this disconcerting 
message, carefully examine the input file to make sure 
that the very last line is END and not a blank. 


5. Some text editors put "funny" characters in what to 
you looks like a plain text file. When SPICE examines 
the input file and encounters these "funny" characters, 
errors can result. Be sure the text editor you use to 
create input files is in non-document mode and does not 
add undesired characters. 


6. SPICE will recognize numbers expressed in a variety of 
ways. Numbers can be integers (-12, 374), floating point 
(2.123, -54.997), in scientific notation (8.623E2, -3E04, 


Chap. 3 Ground Rules of SPICE and Basic Element Line Rules 15 


10.775E-5, where E denotes the power of 10), or can use 
the following engineering-notation suffixes: 


F = 1E-15 (femto) K = 1E3 (Kilo) 
P = IE-12 (pico) MEG = I1E6 (Mega) 
U = 1E-6 (micro) G=1E9 (Giga) 
M = 1E-3 (milli) T= 1E12 (Tera) 
MIL = 25.4E-6 


So, 270 may be expressed as 270, 270.0, 2.7E2, or 0.27K. 
Also, 0.000543 could be represented by 5.43E-4, 0.543M, 
and 543U. Any letters following one of the suffixes 
above will be ignored, as will letters that are not 
suffixes following a number. Thus, 270V, 2.70E2VOLTS, 
0.27KOHM, and .27KW all mean the same number, 270; the 
letters which follow valid numbers (VOLTS, OHM, W) are 
without meaning to SPICE. 


At this point, you may want to glance quickly at the rest of 
this chapter and then jump ahead to Chap. 4 to see some repre- 
sentative circuits, their SPICE input files, and the result- 
ing SPICE output files. The remainder of this chapter is a 
detailed presentation of element lines, to which you can re- 
turn as needed to understand subsequent examples or when writ- 
ing your own input files. 


3.4 RULES FOR ELEMENT LINES 


In the sample element lines which follow, XXXXXX, YYYYYY, and 
ZZZZZZ mean that any alphanumeric string totaling up to seven 
characters can be used after the letter (R, C, L, etc.) which 
specifies the type of element. Examples of valid names for a 
capacitor are C, CFILTER, C472, and CINPUT34. Any data con- 
tained within a less-than sign (<) and a greater-than sign 
(>) represents optional information. Any punctuation, such 
as equal signs, parentheses and commas, must be included as 
shown. Extra spaces in an element line are ignored. An ele- 
ment line may be continued by entering a + (plus) sign in the 
first column of the next line. SPICE will start reading the 
continued element line in the second column. 
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SPICE recognizes an element by the first letter of the el- 
ement name on the element line. There are 15 letters for ele- 
ment names as follows: 


Capacitor 

Diode 

Voltage-Controlled Voltage Source 
Current-Controlled Current Source 
Voltage-Controlled Current Source 
Current-Controlled Voltage Source 

Independent Current Source 

Junction Field-Effect Transistor (JFET) 
Coefficient of Coupling, for Mutual Inductance 
Inductor 

Metal-Oxide Semiconductor Field-Effect Transistor 
(MOSFET) 

Bipolar Junction Transistor (BJT) 

Transmission Line 

Independent Voltage Source 


“HO ZrACTTaAMmMmOO 


In this chapter, resistor, capacitor, inductor, mutual induc- 
tor and independent current and voltage sources will be pre- 
sented. These basic circuit elements will allow you to do 
analyses on a vast array of circuit types. Controlled (or 
dependent) current and voltage sources are discussed in Chap. 
5; semiconductors (diode, BJT, JFET and MOSFET) will be 
covered in Chap. 8; transmission lines are presented in 
Chap. 10. 


3.4.1 Resistors 
RXXXXXX NI N2 VALUE <TC=TCl<,TC2>> 


TC] and TC2 are optional temperature coefficients; if not 
specified, they are both assumed to be zero. The value 
of the resistor as a function of temperature is given by: 


VALUE(temp) =VALUE(tnom)*(1+TC1(temp-tnom) + 
TC2*(temp-tnom)*) 


EXAMPLES: 


RINPUT 8 17 3.5E2 TC = -0.004, 0 
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This describes a resistor between nodes 8 and 17, with 
a negative and linear temperature coefficient. At the 
nominal temperature, its resistance is 350 ohms. If the 
nominal temperature is 27 C, at 127 C the resistance 
would be given by: 


VALUE = 350 * (1 + (-0.004)(127 - 27)) 
VALUE = 350 * (0.6) = 210 ohms 


R12 5 9 2700K 
A 2.7 megohm resistor between nodes 5 and 9. 


RWIRE 6 31 0.008 
An 8 milli-ohm resistor between nodes 6 and 31. 


3.4.2 Capacitors 
CYYYYYY N+ N- VALUE <IC=INCOND> 


N+ and N- are the nodes to which the capacitor is con- 
nected; N+ is the positive node and N- is the negative 
node. IC is the value of voltage across the capacitor at 
time zero and is optional. If an initial condition is giv- 
en in the element line for a capacitor, it applies only 
if the UIC (use initial conditions) option is included on 
the .TRAN control line. -TRAN causes a transient anal- 
ysis to be done; this is covered in Chap. 6.4. 


EXAMPLES: 


CBYPASS 3 0 4.7E-8 
This describes a 0.047 microfarad capacitor between 
nodes 3 and 0. 


CFILTER 14 22 33U IC=12V 

This describes a 33 microfarad capacitor, connected 
between nodes 14 and 22, initially charged (at time = Q) 
to +12 volts DC (node 14 positive compared to node 22). 


C3 35 8 9100P 
A 9.1 nanofarad capacitor between nodes 35 and 8. 
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A nonlinear capacitor whose capacitance depends on the in- 
stantaneous voltage across it can be described to SPICE by 


CXXXXXX N+ N- POLY C0 C1 C2... <IC = INCOND> 


where CO, Cl, C2... are coefficients of a polynomial which 
determine the capacitance. The expression for the capaci- 
tance (in farads) is 


C= C0 + CI*V + C2#V2 +... 


where V is the instantaneous voltage across the capacitor. 


3.4.3 Inductors 
LZZZZZZ N+ N- VALUE <IC=INCOND> 


N+ and N- are the nodes to which the inductor is 
connected; N+ is the positive node and N- is the negative 
node. IC is the value of current flowing through the 
inductor at time zero, and is optional. Positive current 
is assumed to flow from the N+ node, through the 
inductor, to the N- node. If an initial condition is 
given in the element line for an inductor, it applies 
only if the UIC (use initial conditions) option is 
included on the .TRAN control line. 


EXAMPLES: 


LTANK 11 34 5.6E-4 
A 560 microhenry inductor between nodes 11 and 34. 


LOSC 2 55 12M 
A 12 millihenry inductor between nodes 2 and 55. 


L7 29 41 2.85 IC = 3 

This describes a 2.85 henry inductor between nodes 29 
and 41, with a current at time zero of 3 amps flowing 
from node 29 to node 41 through the inductor. 


A nonlinear inductor whose inductance depends on the in- 
stantaneous current through it can be described as follows: 


LXXXXXX N+ N- POLY LO LI L2...<IC = INCOND> 
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where LO, LI, L2 ... are coefficients of a polynomial which 
determine the inductance. The expression for the inductance 
(in henries) is 


L=LO+LI*1+L2*17 +... 


where I is the instantaneous current through the inductor. 


3.4.4 Mutual Inductors 
KXXXXXXK LYYYYYY LZZZZZZ VALUE 


This is an element line which allows two inductors (each 
of which is described by its own element line) to be magnet- 
ically linked. VALUE is the magnitude of the coefficient of 
coupling, and must be greater than 0 and must not exceed 1. 
Notice that this element line has no node numbers, since the 
two inductors stated in this line each have node connections. 
The dotted ends of the inductors are assumed by SPICE to be 
the N+ nodes of each. 


EXAMPLES: 


KPRISEC LP LS 0.97 
The coefficient of coupling between LP and LS is 0.97. 


KAX LANT LXMTR .08 
The coefficient of coupling between LANT and LXMTR is 
0.08. 


3.5 INDEPENDENT SOURCES 


VXXXXXX N+ N-<<<DC DC/TRAN-VALUE> <AC <ACMAG <ACPHASE>>> 
<TRANKIND(TPAR1 TPAR2... )> > 


IXXXXXX N+ N- < <<DC> DC/TRAN-VALUE> <AC <ACMAG <ACPHASE>>> 
<TRANKIND(TPARI TPAR2... )> > 


The word "independent" in independent source means that the 
current flowing through the current source, or the voltage 
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across the voltage source, is not dependent on any other cir- 
cuit parameter. Examples of independent sources are _ ideal 
batteries, an electric power outlet (for reasonable load cur- 
rents), or a function generator with zero output impedance. 

The collector-emitter current in a common-emitter tran- 
sistor circuit can be thought of as a "dependent" source, 
since the C-E current is controlled by, or is dependent upon, 
the base current. For a typical small-signal transistor, col- 
lector current would be 100 times the base current. This 
would be a current-controlled current source. A field-effect 
transistor (FET) would be an example of a  voltage-controlled 
current source, since the drain-source current is controlled 
by the gate-source voltage. 

The letters DC following the N- node number indicate that 
the source does not vary with time, and are optional. 
DC/TRAN-VALUE is the magnitude of the source for DC and tran- 
sient analysis; this value may be left out if it is zero. 
The letters AC indicate that the source is a sinusoid with 
magnitude and phase described by ACMAG and ACPHASE when an AC 
analysis is performed. ACMAG and/or ACPHASE may be omitted; 
ACMAG will default to one volt, while ACPHASE will default to 
zero degrees. 

In addition, for the purpose of transient analysis only, 
an independent source can be one of five time-dependent func- 
tions (TRANKIND): pulse, sinusoidal, exponential, piece-wise 
linear, or single-frequency FM. TPARI! etc. are the para- 
meters associated with the particular TRANKIND. These five 
time-dependent functions are described in detail later in the 
chapter. 

SPICE considers positive current to be that current which 
flows from the positive node (N+) to the negative node (N-) 
through the source. When the product of voltage and current 
is positive, a source is receiving power from the circuit; if 
the product is negative, the source is supplying power to the 
circuit. 

While it is possible to have all the options specified 
for an independent source (DC, AC and TRANKIND), it would be 
better in most cases for reasons of clarity (and sanity) to 
use only one option at a time with a source. It is also pos- 
sible to specify none of the options, in which case the 
source is dead. A dead voltage source, which acts like a 
short circuit, has a very useful purpose. See the VBORING ex- 
ample below. 
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EXAMPLES: 


VBATTERY 12 23 DC 6 
This is a DC voltage source, with node 12 positive by 
6 V compared to node 23. 


ILED 38 46 SIN(20M 80M 10KHZ) 

This describes a current source with a DC value (or 
offset) of 20 mA, and a time-dependent value (when a tran- 
sient analysis is performed) of a 10 KHz sinusoid with a 
peak amplitude of 80 mA. Positive current is assumed to 
flow from node 38 to node 46, through the current source. 


VBORING 7 5 

VBORING is a dead voltage source between nodes 7 and 
5; it always has zero volts across it, and behaves like a 
short circuit. While it may appear to be useless, it can 
be used as an ammeter to measure currents in any circuit 
branch desired. SPICE uses dead voltage sources for this 
purpose. Note: if the current in VBORING were positive, 
that would mean current was flowing from node 7 to node 5 
through VBORING. 


VFMSIG 29 11 AC 1 45 SFFM(0 2 1K 2.5 200) 

The voltage source VFMSIG can be either of two things, 
depending on what type of analysis is being done. When 
an AC analysis is done (by a separate control line start- 
ing with .AC), VFMSIG is an AC sinusoidal source with a 
magnitude of | V and a phase angle of 45 degrees. The 
frequency is set by the .AC control line. When a tran- 
sient analysis is performed (by a separate control line 
starting with .TRAN), VFMSIG becomes a single-frequency 
FM source, with an amplitude of 2 V peak, carrier frequen- 
cy of 1 KHz, modulation index of 2.5, and modulating (or 
signal) frequency of 200 Hz. 

This example shows a two-purpose source that can be de- 
scribed to SPICE with a single element line. In many 
cases it would be better to run SPICE twice: first with 
the AC source and AC analysis and then with the single- 
frequency FM source and transient analysis. To do that, 
a text editor would be used to edit the input files so 
that one contained VFMSIG 29 11 AC 1 45 and the other 
contained VFMSIG 29 11 SFFM(0 2 1K 2.5 200). 
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VSYNC 8 17 PULSE(-10 20 10M 1U 2U 15M 60M) 

VSYNC is a pulse train starting at -10 V, going to 20 
V, delayed from time-zero by 10 ms, with a rise time of 1 
microsec, fall time of 2 microsec, pulse width of 15 ms, 
and period of 60 ms. 


ITRIANGL 22 34 PWL(O 0 .25 3 .75 -3 1.25 3 1.75 -3 2 0) 

This describes two cycles of a triangular current wave- 
form, starting at 0 V and ramping between +3 V and -3 V 
with a period of 1 s. Positive current flows from node 
22 to node 34 through the current source ITRIANGL. 


3.5.1 Time-Dependent Functions 
for Independent Sources 


Five kinds of time-dependent functions are available for tran- 
sient analysis using independent sources: 


1. PULSE - A single pulse or pulse train, with rise and 
fall times that can be specified. This can be used to 
produce pulse, squarewave, triangle and sawtooth sources. 


2. SIN - A sinusoid in which the start can occur after 
time zero. It may be exponentially damped if desired. 


3. EXP - A single pulse, with exponentially growing rise 
and exponentially decaying fall; rise and fall may have 
different time constants. 


4. PWL - A_ piece-wise linear description of a source 
which can be used to approximate nearly any waveform (if 
you have the time to generate the time-voltage coordinate 
list). For example, a complex TV sync waveform or an 
electrocardiogram can be described to SPICE using PWL. 


5. SFFM - Single-frequency FM (frequency modulation) 
source with independently-specified offset voltage, amp- 
litude, carrier frequency, FM modulation index, and mod- 
ulation frequency (limited to a single sinusoid). 


3.5.1.1 Pulse Function for Independent Sources 


VXXXXXX N+ N- PULSE(V1 V2 TD TR TF PW PER) 
IXXXXXX N+ N- PULSE(V! V2 TD TR TF PW PER) 
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describe a voltage or current pulse source. The parameters 
are: 

Parameter Default Value Unit 

V1 (initial value) must specify Volts or amps 
V2 (pulsed value) must specify Volts or amps 
TD (time delay) 0.0 seconds 

TR (rise time) TSTEP seconds 

TF (fall time) TSTEP seconds 

PW (pulse width) TSTOP seconds 

PER (period) TSTOP seconds 


TSTEP and TSTOP refer to the step size and stop time in 
the transient analysis which is specified by a .TRAN TSTEP 
TSTOP control line in the input file. A pulse waveform il- 
lustrating the parameters above is shown in Fig. 3.4. 


VOLTAGE 





TIME 


Figure 3.4 SPICE Pulse Waveform. 
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3.5.1.2 Sinusoidal Function for Independent Sources 


VXXXXXK N+ N- SIN(VO VA FREQ TD THETA) 
IXXXXXX N+ N- SIN(VO VA FREQ TD THETA) 


describe a voltage or current sinusoidal source. The 
parameters are: 





Parameter Default Value Unit 

VO (offset value) must specify Volts or amps 
VA (amplitude) must specify Volts or amps 
FREQ (frequency) 1/TSTOP Hertz 

TD (delay time) 0.0 seconds 
THETA(damping factor) 0.0 1/second 


TSTOP refers to the stop time in the transient analysis 
which is specified by a .TRAN TSTEP TSTOP control line in the 
input file. A damped sinusoidal waveform illustrating the pa- 
rameters above is shown in Fig. 3.5. 


VOLTAGE 


EXP(-(T-TD) *THETA) 


DECAY ENVELOPE: 
| 
\ bee wer 





Figure 3.5 SPICE Sinusoidal Waveform. 
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The waveform as a function of time, t, is described by 
the relationships: 


from t = 0 to TD, VXXXXXXK = VO 
from t = TD to TSTOP, VXXXXXX = 


VO + VA*exp(-(t-TD)*THETA)*sine(2*PI*FREQ*(t-TD)) 
If TD is not specified, the sine starts at time-zero. If 


THETA is not specified, the sine has no decay and therefore 
has constant peak amplitude. 


3.5.1.3 Exponential Function for Independent Sources 


VXXXXXX N+ N- EXP(VI V2 TDI TAUI TD2 TAU2) 
IXXXXXX N+ N- EXP(V! V2 TD1 TAUI1 TD2 TAU2) 


describe a voltage or current exponential source. The pa- 
rameters are: 





Parameter Default Value Unit 

Vil (initial value) must specify Volts or amps 
V2 (pulsed value) must specify Volts or amps 
TDI (rise delay time) 0.0 seconds 
TAUI (rise time constant) TSTEP seconds 

TD2 (fall delay time) TD1 + TSTEP seconds 
TAU2 (fall time constant) TSTEP seconds 


TSTEP refers to the step time in the transient analysis 
which is specified by a .TRAN TSTEP TSTOP control line in the 
input file. Figure 3.6 shows an exponential waveform  illus- 
trating the parameters above. 

The waveform as a function of time, t, is described by 
the relationships: 


from t = 0 to TDI, VXXXXXX 
from t = TD1 to TD2, VXXXXXX = 


Vi 


Vi + (V2-V1)*(1-exp(-(t-TD1)/TAU])) 
from t= TD2 to TSTOP, VXXXXXX = 


V1 + (V2-V1)*(1-exp(-(t-TD1)/TAU])) + 
(V1-V2)*(1-exp(-(t-TD2)/TAU2)) 
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Figure 3.6 SPICE Exponential Waveform. 
3.5.1.4 Piece-wise Linear Function for Independent Sources 
VXXXXXX N+ N- PWL(T1 V1 <T2 V2 T3 V3...>) 
IXXXXXXK N+ N- PWL(T1 V1 <T2 V2 T3 V3.. .>) 
describe a voltage or current piece-wise linear source. The 
parameters are: 
Parameter Default Value Unit 
Tn (nth time value) none seconds 
Vn (nth voltage value) none Volts or amps 


Any arbitrary voltage or current waveform may be de- 
scribed by a piece-wise linear approximation. Each time and 
voltage (or current) pair is the coordinate of a point on the 
graph of the waveform versus time. Time points need not be 
evenly spaced, and the source value at times between speci- 
fied points is done by linear interpolation. Figure 3.7 
shows a PWL voltage source described by the element lines 
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Figure 3.7 SPICE Piece-wise Linear 
Waveform. 


VPWL 10 PWL(00 23 32 42 4.015 
+455 451-2 71 9-1 9.014 10 3) 


Notice that the element "line" really consists of two 
lines in the input file; the second line contains a plus sign 
(+) in the first column. SPICE interprets this to be a con- 
tinuation of the element line immediately preceding. In or- 
der to approximate accurately a complex waveform using a 
piece-wise linear approximation, a large number of lines 
would have to be used. A PWL source element "line" describ- 
ing an electrocardiogram signal every 5 ms for 500 ms uses 16 
lines of the input file. In a case such as this, it would be 
wise to create a text file containing the complex PWL source 
by itself. Whenever that source was needed for a SPICE input 
file, the text file could be appended to the input file, sav- 
ing a great deal of tedious typing. 


3.5.1.5 Single-Frequency FM Function for Independent Sources 


VXXXXXX N+ N- SFFM(VO VA FC MDI FS) 
IXXXXXX N+ N- SFFM(VO VA FC MDI FS) 
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describe a voltage or current single-frequency FM (frequency 
modulation) source. The parameters are: 





Parameter Default Value Unit 

VO (offset) must specify Volts or amps 
VA (amplitude) must specify Volts or amps 
FC (carrier frequency) 1/TSTOP Hz 

MDI (modulation index) must specify none 

FS (signal frequency) 1/TSTOP Hz 


TSTOP refers to the step time in the transient analysis 
which is specified by a .TRAN TSTEP TSTOP control line in the 
input file. Figure 3.8 shows a single-frequency FM waveform 
illustrating VO and VA; it shows an unusually large amount of 
deviation (500 KHz with a carrier frequency of 1 MHz) and was 
created by the element line 


VSAMPLE 1 0 SFFM(2 4 1MEG 5 100K) 


VOLTAGE 


vo 


0.0 Vv 
TIME 


Figure 3.8 SPICE Single-Frequency FM 
Waveform. 
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The modulation index is the deviation (in Hz) divided by the 
modulating signal frequency (in Hz), and has no unit. The 
waveform as a function of time, t, is described by the rela- 
tionship: 


VXXXXXX = VO + VA*sine((2*PI*FC*t) + MDI*sine(2*PI*FS*t)) 


CHAPTER SUMMARY 


SPICE is not an interactive program. You may have to submit 
an edited input file several times to get the results looking 
the way you want them. 


Each node in a SPICE input file must have a DC path to node 
zero (ground). You may have to put in dummy resistors of 
very large value (so as not to disturb circuit operation) to 
satisfy this requirement. 


Comments are very handy additions to SPICE input files. 


Integer, floating point, scientific notation and engineering 
notation numbers are all usable in input files. 


Element names can have up to 8 characters. 


Independent current and voltage sources can have DC and AC 
values, and can be the following types of time-dependent 
functions: pulse, sinusoidal, exponential, piece-wise linear 
and single-frequency FM. It is best not to give a source DC, 
AC and time-dependent values, if only to avoid confusion. 
You can always run two or three different analyses, with the 
source edited to have only one value at a time. 





Chapter 4 


FIRST ATTEMPTS AT ANALYSIS 
WITH SAMPLE CIRCUITS 


4.1. INTRODUCTION 


In Chap. 3 some of the ground rules of using SPICE were cov- 
ered. In this chapter, a variety of examples will be present- 
ed to illustrate what an input file looks like and what the 
output file created by SPICE analysis contains. By looking 
at three things, the circuit schematic diagram, the input 
file and the output file, you will gain an appreciation for 
what SPICE can do and you will start developing the ability 
to use SPICE yourself. For a detailed explanation of each 
SPICE feature illustrated, refer to the chapter in which that 
feature is covered. A good way to begin learning SPICE is to 
create input files similar to the ones in this chapter, and 
run analyses of them. 


4.2 THE FIRST CIRCUIT - 3 RESISTORS, 1 BATTERY 


Let’s begin with a DC circuit, containing a battery (indepen- 
dent voltage source) and three resistors. The circuit dia- 
gram is shown in Fig. 4.1. A convenient node to choose for 
the datum node is the negative side of the battery; this is 
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Figure 4.1 3 Resistor Circuit. 


labeled node 0. The two other nodes which must be labeled 
are the positive side of the battery and the junction of the 
three resistors. Since the only restriction on node numbers 
is that they be non-negative integers, let the two other 
nodes be numbered 17 and 84 (any other positive * integers 
would do just fine!). The notated circuit is shown in Fig. 
4.2. 

Any input file for SPICE analysis must contain the 
following: 


l. a title line 


2. element lines for each element (R, L, C, etc.) in the 
circuit 


3.a .END line. A period (.) must appear before END. 


Other lines, which are optional, include control lines 
(which cause things to happen like changing the voltage or 
frequency of a source, setting the temperature(s) of the cir- 
cuit, specifying the type(s) of analyses to be done, printing 
out a graph or table of results, etc.) and comment lines, 
which make reading the input file much easier weeks or months 
later. 

Shown in Fig. 4.3, the input file for the circuit of Fig. 
4.2 contains only a title line, four element lines and a .END 
line. Other than the title line and the .END line, the order 


y 
\ 





Figure 4.2 3 Resistor Circuit Notated for 
SPICE. 
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3R.CIR THREE RESISTOR, ONE BATTERY PROBLEM 


VBATT 17 @ 6 
Ri 17 84 4 
R2 a4 9 18 
RS 84 § 4g 
»WIDTH OUT = a2 
END 


Figure 4.3 SPICE Input File for 3 
Resistor Circuit. 


of all other lines is arbitrary. Notice that each element 
has a name, as well as a value. For example, the 4 ohm resis- 
tor is named Rl. The names are arbitrary as well, except 


that all resistors must begin with an R, all voltage sources 
must begin with a V, etc. 

Although no specific analysis is requested, SPICE auto- 
matically does a DC analysis, called a "Small Signal Bias Sol- 
ution," and prints the results in the output file. The title 
line can contain anything whatsoever; however, in the inter- 
ests of organization and preservation of one’s sanity, it is 
best to make the title contain two things: 


1. the name of the input file. In this example, 3R.CIR 
is the name of the file containing the title line, the 
element lines and the .END line. Doing this makes it 
easier to find an input file in the directory of your com- 
puter at a later time; there will be many input files 
when you become a regular user of SPICE. 


2. a brief description of what the circuit is (THREE RES- 
ISTOR, ONE BATTERY PROBLEM). This is useful because both 
the input file and the output file lack a schematic dia- 
gram of the circuit being analyzed. Though one can study 
an input file and thereby reconstruct the circuit so de- 
scribed, it helps to have a clue in the title line, since 
the title line normally will be printed on each page of 
the output file. 


The output file, shown in Fig. 4.4, contains two pages: 
the first is a listing of the input file, called "Circuit De- 
scription," the second is the "Small Signal Bias Solution," 
which gives the DC voltage at each node other than the datum 
(0) node. Notice that the voltage at node 17 is 6.000 VDC 
(the battery voltage) and the voltage at node 84 is 4,000 
VDC, both compared to the datum node. All node voltages pro- 
duced by the Small Signal Bias Solution are with respect to 


#eeeeee [-DEC-87 #442444 SPICE 26.6 S/15/83 eee 1G: 45: 47 eee 
SR.CIR THREE RESISTOR, ONE BATTERY PROBLEM 
eH INPUT LISTING TEMPERATURE = 27.088 DEG C 


FER HBB 


VBATT 17 @ 6 
Rl 17 4 4 
R284 G iG 


RS 4 9 49 
»WIDTH QUT = 88 
END 


aa L-DEC-87 eeeeee SPICE 26.6 9 3/15/83 eee: 45: 47H 
SR.CIR THREE RESISTOR, ONE BATTERY PROBLEM 
HE SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27,800 DEG C 


FAH TUBE EE EE 


NODE VOLTAGE NODE VOLTAGE 
(17) 6.0008 (84) 4, 9009 


VOLTAGE SOURCE CURRENTS 
NAME CURRENT 


VBATT = =- -5, #88D-91 
TOTAL POWER DISSIPATION 3.981498 WATTS 


JOB CONCLUDED 


TIME PAGE DIRECT BUFFERED 
CPU ELAPSED FAULTS 1/0 ‘0 
9:96.39 &: d: 1.58 22 3 i 
TOTAL JOB TIME 8.38 


Figure 4.4 SPICE Output File for 3 
Resistor Circuit. 
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the datum node; thus, the voltage at node 0 is, by defini- 
tion, zero volts. 


4.3. HOW TO RUN SPICE 
ON A MAINFRAME COMPUTER 


In order to perform a SPICE analysis, the SPICE program must 
be run on the particular computer system one is using. The 
illustration below shows how it is run on a DEC VAX 11/780 
mainframe computer (assuming that SPICE has been installed as 
a system utility on the VAX). A similar procedure would be 
used on another type of computer. The manager of the compu- 
ter system should be able to tell you if SPICE is on your sys- 
tem, how to run SPICE and how to use the text editor. 

What you must type in is shown underlined in the steps 
below. The steps involved are: 


1. Create an input file describing the circuit and the de- 
sired analyses. Use a text editor (EDT on the VAX) to do 
this. Call this input file FILENAME.CIR (FILENAME repre- 
sents what you choose to name the file; 3R, DIFFAMP, RC- 
AMP, etc. are typical names). 


2. In DCL (Digital Command Language, the operating system 
of the VAX), with the DCL $ prompt symbol showing, type 
in SPICE and hit return. 





3. SPICE will prompt you for the name of the input file 
with INPUT FILE: . Type in FILENAME.CIR and hit 
return. Remember, FILENAME represents the name of your 
file. 


4. SPICE will prompt you for the name you wish to call 
the output file with OUTPUT FILE: ‘ Type in 
FILENAME.OUT and hit return. 


5. SPICE will read the input file, check for errors, and 
proceed to perform the analyses stated in the input 
file. Results will be written to an output file called 
FILENAME.OUT. You will be aware that the analysis is 
over when the message FORTRAN STOP appears, followed by 
the DCL $ prompt symbol. 


6. To look at the output file, type in TYPE FILENAME.QUT 
and hit return. The output file will appear on the CRT 
monitor. 
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7. To obtain hardcopy of the output file, type in PRINT 
FILENAME.OUT and hit return. The output file will be 
printed on the VAX system line printer. 


A sample run of SPICE on a VAX system, using the circuit 
(Fig. 4.1) and its input file 3R.CIR (Fig. 4.3), would look 
like this on the system video monitor: 


$ SPICE 
INPUT FILE: 3R.CIR 
OUTPUT FILE: 3R.OUT 
FORTRAN STOP 

$ TYPE 3R.OUT 

$ PRINT 3R.OUT 





One must remember that SPICE is not an interactive program; 
you have to look at the output file to see the results of the 
analysis. If the results are not what is desired, or if the 
analysis is to be run again with a parameter changed (e.g., 
substituting a different value of a resistor), a copy can be 
made of the original input file. Then the one or two lines 
in the copy of the input file can easily be edited to make 
the desired change, and the procedure in steps 2 through 7 
would be followed again. 

Appendix E lists other versions of SPICE, some of which 
can run on personal computers. These come with very detailed 
operating instructions, and will get you started doing cir- 
cuit analysis on a PC. 

In order to gain some proficiency in using SPICE, take a 
simple circuit (Fig. 4.1 or similar), notate it for SPICE ana- 
lysis, write an input file describing the circuit, run SPICE, 
and look at the output file. If you make an error in the in- 
put file, SPICE will write meaningful error messages in the 
output file which will help you to find and correct the er- 
ror. 


4.4 HOW TO AVOID WASTING PAPER 


When SPICE creates the output file, it puts a header at the 
top of each page and puts each part of the output file on a 
separate page. The header contains the date the analysis was 
done, the version of SPICE being used and its release date, 
the time the analysis was done, the title line from the input 
file, and a lot of asterisks (**). This can result in a very 
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large amount of paper being used for certain types of analy- 
ses. While this may be useful for some applications, for the 
user who wants to look at the output file but conserve print- 
er paper there is a simple fix. 

One need only put the control line OPTIONS NOPAGE (with 
no spaces in NOPAGE) in the input file, anywhere between the 
title line (which is always the first line) and the .END line 


(which is always the last line). This control line will 
cause page ejects to be suppressed, concatenating the print- 
out, and saving considerable amounts of paper. Figure 4.5 


shows the same input file as Fig. 4.3, except that the con- 
trol line .OPTIONS NOPAGE has been added. Note that this 
file was made by copying 3R.CIR to 3RNOPAGE.CIR and editing 
3RNOPAGE.CIR. Editing here consisted of adding one control 
line and one comment line to the input file (and changing the 
title line). 

The resulting output file (Fig. 4.6) is seen to have the 
same information as 3R.OUT, except that only one header ap- 
pears and less paper is used. 


4.5 THE SECOND CIRCUIT - THREE 
RESISTORS, TWO BATTERIES 


In this DC circuit, there are two. batteries. See Fig. 4.7. 
SPICE can be used to give a Small Signal Bias Solution, and 
thus determine the voltage at each node. In addition to 


solving the circuit, you might want to know what value would 
the 8 Volt source have to be so that the voltage across the 
3K ohm resistor was 0? In order to solve this with SPICE, we 
shall make the battery on the right, the 8 Volt source, vary 
from 0 to 10 Volts, and do a DC analysis of the circuit (DC 
analysis is covered in depth in Chap. 6). The results of the 


SRNOPAGE.CIR THREE RESISTOR, ONE BATTERY PROBLEM 
VBATT 17 @ 6 


Ri i7 84 4 
R2 a4 F189 
RS a4 8 48 


% THE LINE BELDW SAVES PAPER 
»OFTIONS NOPAGE 

«WIDTH QUT = 88 

+ ENB 


Figure 4.5 Input File 3RNOPAGE.CIR with 
-OPTIONS NOPAGE Added. 
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eeeeee 1-DEC-O7 peeeeed SPICE 26.6 9/15/83 eee 0:47: Goes 
SRNOPAGE.CIR THREE RESISTOR, ONE BATTERY PROBLEM 


eet INPUT LISTING TEMPERATURE = 27.908 DEG C 


EEL EEE EEE EEE RETESET ERE EERE LEEDS TINE TATE EEE EE REE EE 


VBATT 17 @ 6 

it 1? B84 4 

2 4 8 19 

f 4 Gg Ag 

# THE LINE BELOW SAVES PAPER 

OPTIONS NOPAGE 

«WIDTH QUT = 8¢ 

END 

Hee SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27,888 DEG C 


NODE VOLTAGE NODE VOLTAGE 


(17) $8008 (84) 4.0009 


VOLTAGE SOURCE CURRENTS 
NAME CURRENT: 


VBATT =—- -5, @88D-91 
TOTAL POWER DISSIPATION  3.@8D+98 WATTS 


JOB CONCLUDED 


TIME PAGE DIRECT BUFFERED 
CPU ELAPSED FAULTS 1/0 1/0 
8: 9.28 OO: 8.79 a] 3 1 
TOTAL JOB TIME 6.37 


Figure 4.6 Output File 3RNOPAGE.OUT. 
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RLEFT [25] RRIGHT 


/ 


1K 







8 V —VAIGHT 
RMIDOLE +o 


Figure 4.7 3 Resistor, 2 Battery Circuit. 


analysis will be printed in tabular form and plotted as a 
graph of output voltage versus battery voltage. The input 
file, 3R2BAT.CIR, is shown in Fig. 4.8. The stepping of 
VRIGHT from 0 V to 10 V in steps of 0.5 V is accomplished by 
the control line .DC VRIGHT 0 10 0.5. The printing of a ta- 
ble of the voltage at node 25 versus VRIGHT is done by the 
control line .PRINT DC V(25) . The control line PLOT DC 
V(25) makes a graph of the DC voltage at node 25 versus 
VRIGHT. 

The output file, 3R2BAT.OUT, is shown in Fig. 4.9. The 
first page is the Circuit Description, the next page is the 
table of node 25 voltage versus VRIGHT voltage, and the last 
page is a graph of node 25 voltage versus VRIGHT voltage. 
There are two columns of numbers on the left side of the 
graph: VRIGHT, the independent variable, and V(25), the 
dependent variable. The horizontal V(25) axis is labeled 
from -4 V to +4 V. An examination of the table or the graph 
shows that when VRIGHT is 8 V, the voltage at node 25 is 
-1.636 V; when VRIGHT is 5 V, the voltage at node 25 is 0 
volts (shown as 3.661E-16 V, due to small calculation 
errors). 


SRZBAT.CIR VARY ONE BATTERY VOLTAGE 
VLEFT 248 16 

RLEFT 28 25 2K 

RMIDDLE 25 @ 3K 

RRIGHT 25 38 ik 

VRIGHT 83 8 

»DC VRIGHT # 19 8.5 

* THE LINE ABOVE SWEEPS VRIGHT FROM @V TO 19V IN @.5V STEPS 
PRINT DC V(25) 

PLOT DC Vi25) 

END 


Figure 4.8 Input File 3R2BAT.CIR. 
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Hee 9/ 2/8 7eeeeeeE Demo PSpice (May 1986) #e1 5:55: Soe 
SR2BAT.CIR = VARY ONE BATTERY VOLTAGE 
HE CIRCUIT DESCRIPTION 


KELEKHHE LEER LELLERELEREEEE EE EE TEESE SALES LASERS EERE ER EEE RE EEE RER EEE 


VLEFT a 8 19 

RLEFT 26 25 2K 

RMIDDLE 25 9 3K 

RRIGHT 25 30 IK 

VRIGHT $3 28 

«DC VRIGHT @ 19 9.5 

* THE LINE ABOVE SWEEPS VRIGHT FROM @V TO i@V IN @.5V STEPS 
»PRINT DC V(25) 

PLOT DC V(25) 

«END 


HHA 9/ 2/8 74Heea Demo PSpice (May 1986) HHHHHELS: 0: Dose 
SR2BAT.CIR = VARY ONE BATTERY VOLTAGE 
HH DC TRANSFER CURVES TEMPERATURE = 27.008 DEG C 


KER EATAAAIEEA AEE EL IE EEE HE EEE EEE RE EEE SSE EE TREAT TE TEER TAA EE 


VRIGHT V(29} 


 QGGE+90 ee 727E+GS 
5. 90GE-81 2. 4506488 
1, BBGE+88 2. 182E+88 
1, SOSE+89 1. 989E +98 
2. FOGEHE 1. 636E+88 
2. HABE +BS 1, J64E+98 
3. BBGE+E9 L.G71E+88 
3. GAEE+99 §. 1B2E-91 
4, GOGE+RG oe 450E-B1 
4, SOQE+88 2. 727E-Gi 
5. OO0E+99 3.6b1E-16 
5. SMGE+9G = -2, 727E-B1 


Figure 4.9 Output File 3R2BAT.OUT. 
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6. M0GE+8G = -5, 455E-81 
6, cagE+ae = -B. LB2E-#1 
7 GOGEHGG = - 1 GLE +G8 
7. SRGEHS = -1, LOGE HG 
G.MGGE+0G = - 1, 636E+80 
8. JedE+oe 1, 7O9E+HG 
9, GOOE+0G = -2, IBZE+H9 
9, SGGE+88 = _- 2, AOSE+80 
1. QOGE+8i == --2. 7Z7E+H8 


see G/ 2/S7 eee Domo PSpice (May 1986) #eeetee1 5: 55: Soeeee eet 
SREBAT.CIR = VARY ONE BATTERY VOLTAGE 
HAeE BC TRANSFER CURVES TEMPERATURE = 27.808 DEG C 


EREEEEE ERE ERE EEE EEL ELEREN EAE EEE RE RENE ER EAEEE SERRE RARE EEE EREE SEDER RE EE 


VRIGHT V(25) 
“4 GHOD+HG = -2. GBED+88 OOGD8G = 2 ARENA 4, MED 


OOO) 2.727088. ‘ : » #* 

5. 860D-81  2.405D+80 . ‘ . » # 

1. 908D+88 2. 182D+09 , ' . # . 
L.SO0D+8G = 1.999D+80 . . . #, : 
2. 0080400 1, 636D+88 . ‘ : ey : 
2.00GD+88 «1, 3640480 . : . * , 

3.G0GD+98 = 1.G91D+89 . . ' * 

3.560D+98 8.1820-81 . . » #* 

4, 908D+08 S.4550-41 . . . #* 

4,3000+00 2.727D-81 . : .* 

3. GGGD+08 2.o61D-16 . . * 

3. M98D+88 -2.7270-81 . : *, 

6, @98D+09 -3.455D-81 . ‘ % 

6, 500D+08 -B. 1820-81 . ‘ % 

7, G90D+08 -1, 9910408 . . * 

7 OOD+8G -1, 3640200 . aut 

8, OGD+HG -1. 636D+08 . . * 

B.50GD+G9 ~1. 9890108 . ot 

9. G08D+80 -2,1B2D+08 . %, 

9, SGGD+96 -2. 4550108 *, 

1.908D+01 -2.7270+88 . * 


JOB CONCLUDED 
TOTAL JOR TIME 5.18 
Figure 4.9 (Continued). 
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4.6 THE THIRD CIRCUIT - PARALLEL 
RESONANT TANK, AC ANALYSIS 


In the schematic diagram, Fig. 4.10, a 1 V_ sinusoidal voltage 
source in series with a 1K ohm resistor is connected across a 
lossy tank circuit. The resonant frequency of this low-Q 
tank L-C is about 10 KHz. The SPICE input file in Fig. 4.11 
contains the 5 element lines for the circuit, and has a con- 
trol line which causes the frequency of the voltage source to 
vary from 5 KHz to 15 KHz, in 20 linearly-spaced steps. This 
causes the AC analysis to be done at 21 frequencies -- every 
500 Hz. The results of the AC analysis will appear in the 
output file because of the control lines .PRINT AC VM(2) 
VP(2) and .PLOT AC VM(2) VP(2). The .PRINT command causes a 
table to be printed, with columns of frequency, voltage mag- 
nitude at node 2, and voltage phase at node 2. The .PLOT com- 
mand causes a graph of voltage magnitude at node 2 and volt- 
age phase at node 2 to be plotted versus frequency. 

The output file, Fig. 4.12, contains the circuit descrip- 
tion, a small-signal bias solution (which shows DC values to 
be zero, since there are no DC sources in the circuit), a ta- 
ble of results, and a graph of results. The magnitude of the 
node 2 voltage is seen to peak at 10 KHz (labeled 1.000E+04 
by SPICE), at 568.7 mV. The phase of the voltage at node 2 
is 80.35 degrees at 5 KHz, -1.173 degrees at 10 KHz, and 
-84.25 degrees at 15 KHz; these data show that resonance oc- 
curs quite near 10 KHz. Although SPICE can plot up to 8 pa- 
rameters on one graph, only the first parameter listed in the 
PLOT control line will have its data printed as well as plot- 


a 2] 


C41 






0.2533 uF 


Figure 4.10 Tank Circuit. 
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ACTANK.CIR PARALLEL RESONANT CIRCUIT, 19 KHZ 
Ri i 2 Ik 


4 oT 


R2 3 3 
VGEN 1 8 AC i 
ii 2 3 1M 

Cl 2 8 §.25330 

-AC LIN 21 S088 15008 
»PRINT AC VH{2) VP(2) 
«PLOT AC VM(2) VP(2) 
» END 


Figure 4.11 Input File ACTANK.CIR. 


Hee O/ 9/0 7saeeHEE Demo POpice (May 1986) sede] @: 14:5] tee 
ACTANK.CIR PARALLEL RESONANT CIRCUIT, 19 KHZ 


Hee CIRCUIT DESCRIPTION 


FEHB HHH HEE EEE EEE 


L 

Ci 2 § §.25330 

-AC LIN 21 5088 15008 

«PRINT AC VM(2) VP (2) 

«PLOT AC VM(2) VF(2) 

«END 

Hen 9/9/87 Domo PSpice (May 1986) seeeeeel Gs 14:5) eeeeeede 
ACTANK.CIR PARALLEL RESONANT CIRCUIT, 18 KHZ 

HHH SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.809 DEG C 
JHE HSH GHEE HHA HE 


NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


( 4) 9885 (2) A) rn aD 9808 


Figure 4.12 Output File ACTANK.OUT. 
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Hee O/ 9/8 7eeeeeeeE Demo PSpice (May 1986) HHeHeHEIG: 14: Si aeeeeeee 
ACTANK.CIR PARALLEL RESONANT CIRCUIT, 19 KHZ 
+hEt AC ANALYSIS TEMPERATURE = 27.908 DEG C 


FREESE ETE EEE TEER TERE TER HATE EE SEER TET EEE EE 


FREQ Vi(2) VP (2) 


5. G8GE +93 4, 1886-92 8. 835E+01 
5. DOE +93 4.933E-92 8. AGGE+HI 
6. GOGE+93 SeASGE-G2 = 7, FGEHL 
6. SBGE+93 7.Q91E-92 7. B74E+81 
7 GBBE+G3 B.497E-G2 7, TS2E +91 
7, OBGE+E L@S3E-1 0 7.O7GE+8i 
8. BOGE +93 1.34BE-@1 7, 289E +81 
8, SAGE +E 1888-91 6, 826E+91 
9, B9GE+G3 2.608E-91 5, 969E+91 


1, @iGE+94 4. SI9E-G1  -4, S2GE +91 
1. 1Q@E+84 2.882E-#1 -6. 204E +91 
1. 13GE+84 2. 193E-G1  -7.G67E+81 
1, 2685 +84 1,652E-O1  -7. S39E+81 
1, 2506 +04 1. 3646-81 -7,. B31E+G1 
1. JOgE+84 1, 1636-81 -8.928E+91 
1. S5gE+04 L.@19E-@1 -8. 178E+91 
1, 4685 +94 9. 9795-92 -8.276E+91 
1. 45GE+04 8.284E-@2 -B.357E+Gi 
1, SOGE +84 7 496E-B2  -B. 4258 +81 


HHS 9/ 9/ B7#eeeERE Demo PSpice (May 19BG) #eeeeeei ds 14:51 stents 
ACTANK.CIR PARALLEL RESONANT CIRCUIT, 1% KHZ 
SE AC ANALYSIS TEMPERATURE = 27.008 DEG C 


EEKELERERERE ERE ELE EE EEE EE EERE EEE EEE EEE ESE REARS REE EEE EEE ESSE ERE REEF 


Figure 4.12 (Continued). 
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LEGEND: 
#: VM(Z) 
+: YP(2) 
FREQ VM (2) 

(k)SsS5s=-s=5 3.162D-02  1.000D-81 = 31620-8911. OOMDHEA 3, 1620+ GH 
(HSS ~1,990D+82 = -5. GO0D+H1 EDA =. AGODA1 = 1 BED HG 
5.000183 4.1B8D-92 .  * ‘ : + 
S.00DtGS 4.933D-82.. * ‘ , + 
6, 990D+83 5, B59D-82 . x . ‘ + 
6.080D+83 7, 861-92  , . + 
7, @00D+83 8. 497D-82 #. + 
7.5000+93 1.955D-81 . * + 
8, GeeDtss 1, 3480-81 . # + 
B.SeaD+92 = 1.808D-81 . # . an Nt 
9. G00D+03 2,4698D-41 . ’ #. . + ' 
9, 500083 4. 111D-91 ‘ . # +, : 
1.990404 5.687D-41 . . + * : ' 
1,@500+94 4.319D-81 . 2+ » # : ' 
1.199D+84 2.882D-81 . +, *, ‘ : 
1,150D+94 2.193D-@1 . +, * , ' . 
1. 208D+04 1.652D-81 . + . * ‘ ' : 
{,250D+84 1.364D-91 . + * : ' 
1,300D+84 i,165D-1. + .# . ' 
1,35@D+84 1.0190-G1. = + * : 
4.406D+04 9.9790-92 . + * : 
1,450D+84 8. 2040-82. + *. 
1,508D+94 7.496D-82. + * 

JOB CONCLUDED 

TOTAL JOB TIME 5.98 


ted on the graph. 
same graph is recommended only for those who love puzzles and 


have excellent 


lines as needed, so 
plots on one graph. 


Figure 4.12 (Continued). 


Plotting more than 3 parameters on the 


vision. You can use as many .PLOT control 


it is never necessary to put more than 3 
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4.7 THE FOURTH CIRCUIT - RC CIRCUIT 
WITH PULSE INPUT 


In this example, an R-C circuit will be connected to a pulse 
voltage source, and an analysis of circuit voltage versus 
time, called a transient analysis, will be performed. The re- 
sult of the transient analysis will appear in the output file 
in tabular form and as a graph of voltage versus time. The 
circuit is shown in Fig. 4.13. The single pulse input source 
goes from 0 V to 1 V after 10 microseconds of delay (relative 
to the beginning of the transient analysis), with rise and 
fall times of 1 nanosecond, and has a duration of 80 micro- 
seconds. It is described in the SPICE input file by the ele- 
ment line VIN | 0 PULSE(O 1 10U IN IN 80U) . The results 
of the transient analysis will appear in the output file 
because of the control lines .PRINT TRAN V(2) V(1) and .PLOT 
TRAN V(2) V(l). The input file is shown in Fig. 4.14. 


Since there are no DC sources in the circuit, and the 
pulse level is 0 V at time zero, the output file (Fig. 4.15) 
indicates that at time zero the voltage at nodes 1 and 2 is 0 
V. The table of transient analysis results and the graph of 
V(1) and V(2) versus time show that the input voltage, V(1), 
is 0 V up through 10 usec, is 1 V from 15 to 90 usec and re- 
turns to 0 V at 95us where it remains until 160 usec. The 
voltage across the capacitor, V(2), begins rising exponen- 
tially at 10 usec, reaches 981.8 mV at 90 usec, and exponen- 
tially decays to 29.44 mV at 160 usec. The input voltage and 
the capacitor voltage are identical or nearly so at 0, 5, 10 
and 90 usec. This overlap of the two graphs is indicated by 
an X symbol at those four times. 


Ply. = [2] 


VM 
+ 4000 
CA 


VIN 
20 nF 


Ne) 


Figure 4.13 R-C Circuit with Pulse Input. 
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FULSE.CIR R-C CIRCUIT WITH PULSE INPUT 
VIN 1 @ PULSE(S 1 18U IN IN 8@U) 

RA 1 2 1969 

CA 2 @ 26N 

TRAN SU 1daU 

»PRINT TRAN V(2) V(i) 

a TRAN V(2) ¥(1) 


Figure 4.14 Input File PULSE.CIR. 
HHHHHHEE 9/ 9/87seHeHeE Demo PSpice (May 1986) seeeeee 7:47; 1 Gite 
PULSE.CIR © R-C CIRCUIT WITH PULSE INPUT 


HEE CIRCUIT DESCRIPTION 


JERE HEHE HEE EEE AEE TTS TATTLE 


VIN 1 @ PULSE(@ 1 19U IN IN 89) 
RA i 2 1908 

CA 2 6 aN 

TRAN SU Lda 

»PRINT TRAN V2) V(1) 

on TRAN V(2) V{1) 


eee 9/ 9/8 7#E Demo PSpice (May 1986) saHteee 9:47; 1 GieeeHEEE 
PULSE.CIR R-C CIRCUIT WITH PULSE INPUT 

ae INITIAL TRANSIENT SOLUTION TEMPERATURE = 27.909 DEG C 
JERSE TSS SS 


NODE VOLTAGE NODE VOLTAGE 


( 1) 8998 (2) £898 


Figure 4.15 Output File PULSE.OUT. 
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HEHE 9/9/87 eee Demo PSpice (May 1984) HEHEHE 9:47: 1GeeEREEEE 


PULSE.CIR = R-C CIRCUIT WITH PULSE INPUT 


HE TRANSIENT ANALYSIS TEMPERATURE = 27,089 DEG C 


JHE HBB MB HE EBEHEBBHUHGH Large 


TIME V{2) va) 


» 9OGE +85 BOGE+9S =, SODE+99 
5. OOGE~B4 -9OGE+8G =, GOGE+OG 
1, OGGE-05 OOGE+9G =. GOES 8G 
1. 598E-95 2.1B9E-81 1. 900E+99 
2. 99GE-95 3.932E-G1 1 BOGE+OD 
2, OOGE-G5 3.269E-91 1, G9GE+90 
3. 9GGE-95 6.328E-41 1. BOGE+99 
3, OMME-9S 7,135E-G1 1, $OGE+99 
4, GQGE-95 7,769E-G1 1. OGE+O8 
4, SOGE-95 8.266E-91 1. GOGE+09 
5. 999E-95 8.648E-G1 1. GaGE+99 
5. HOGE-G5 8.95GE-61 1, SAGE+O8 
5, G9GE-G3 9. 1BIE-G1 = 1, SOGE+08 
6. SME-95 9. S63E-G1 1, GOGE+9G 
7 BOGE-9S 7, S04E-G1 = 1. SAGE +R 
7, SOGE-5 F.O14E-G1 1, SOGE+00 
8, 94BE-G5 9, 70GE-G1 1. GOGE+98 
8. SOGE-G5 9, 766E-$1 1, OGE+99 
9 BOGE-B5 9.B18E-G1 1, 909E+09 
9. SAGE-95 7,601E-81 —, BOGE+99 
1. OOUE-94 5.979E-G1 SAGE +99 
1, G3@E-G4 4,655E-G1 =. AGGE+AG 
1, 199E-04 3.617E-G1 =, POGE+08 
1, 15GE-@4 2.B12E-$1 =. SDE GG 
1. 208-04 2.199E-O1 =. GODE+98 
1, 25GE-84 L.705E-91 =. SAGE +90 
1, 360E-64 1,326E-81  —. GOGE+99 
1, S@E-84 L.G34E-31 =, SOGE+00 
1, 4006-84 B.G21E-92 —. GOGE+99 
1. 4506-4 6.262E-@2 =. GADEED 
1, 50GE-84 4.BO5E-92 BOGE +98 
1, SG@E-4 3.793E-92 =, GOGE+90 
1, 6OGE-94 2.944E-92 =. GGGE +98 


HERE 9/ 9/8744 Demo PSpice (May 1986) HHH 9:47: Lone 
PULSE.CIR = R-C CIRCUIT WITH PULSE INPUT 


HE TRANSIENT ANALYSIS TEMPERATURE = 27.908 DEG C 
Figure 4.15 (Continued). 
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FEE EEE EE TAREE EESTI ELTA EE ESTER TATE EEE EERE 


LEGEND: 


# ¥(2) 
+: VQ) 


TINE 


(#4) ----------- -5, aaD-41 


BRED +08 
5. GHGD-G6 
1. 9800-25 
1. 00@0-25 
2. G400-85 
2. 0880-95 
3, M80D-B5 
3. 00-95 
4, 9900-85 
4, 3000-95 
3, @88D-95 
5. AED-85 
6. 6H8D-95 
6, 588D-€5 
7, @88D-85 
7. 509D-95 
8. @88D-G5 
8. 508D-85 
9, @68D-85 
9. 5880-85 


1.908D-24 5 


1. @5gD-84 
» 1800-94 


l5@D-84 2. 


1, 268D-04 
»2o8)-84 


Bede pent es eed te ee Fe bee hat fe bet 
re er er 

ed 

on 

8S 

- 

i] 

te 


can 
uy 


V2} 


B5GD+08 

OIGD+HG 
_  AGEDHEG 
2, 1890-81 . 
3.932D-81 . 
3.269D-81 . 
&.528D-91 . 
7.ASSD-81 
7. 7690-41 . 


8. 266D-#1 


08808 = SE-B LORD 1. ED +89 





JOB CONCLUDED 
TOTAL JOB TIME 


Figure 4.15 (Continued). 
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CHAPTER SUMMARY 


Four examples of using SPICE for circuit analysis have been 
presented in this chapter: 


1. A DC circuit with one battery, without any control 
lines in the input file. SPICE by default performed a 
"Small Signal Bias Solution" which gave the node _ volt- 
ages. A slight change to the input file showed the paper- 
saving effects of adding a .OPTIONS NOPAGE control line. 
See input files 3R.CIR and 3RNOPAGE.CIR. 


2. A DC circuit with two batteries; one battery was 
stepped through a range of voltages to illustrate 
performing a DC analysis. The results were plotted and 
presented in tabular form. See input file 3R2BAT.CIR. 


3. A parallel resonant (tank) circuit was stepped over a 
range of frequencies, and an AC analysis was performed at 
each frequency for the voltage across the tank. The re- 
sults were presented in tabular form and plotted. See in- 
put file ACTANK.CIR. 


4. A series resistor-capacitor was connected to an _ input 
voltage pulse. A transient analysis was done, and the ex- 
ponentially varying capacitor voltage was shown in _ tab- 
ular form and plotted. See input file PULSE.CIR. 


By looking at these examples, and modifying them as suggested 
in the problems section which follows, you will gain pro- 
ficiency at "talking" in SPICE language and using it for 
problems of your own. 


PROBLEMS 


1. Refer to the circuit schematic diagram in Fig. 4.16, which 
has nodes notated for SPICE analysis. 
a. Write a SPICE input file describing the circuit, includ- 
ing a title line and a .END line. 
b. Analyze the circuit for the DC voltage at node 12 (com- 
pared to ground), using conventional circuit analysis meth- 
ods. 
c. Run a SPICE analysis using the input file from Prob. 
la. How does your answer in 1.b compare with the SPICE 
analysis result? 
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Figure 4.16 Circuit for Prob. 1. 


2. Refer to the circuit diagram in Fig. 4.10. 

a. Create an input file for that circuit, but replace the 
3 ohm resistor with a 1 ohm resistor. 

b. Predict what will happen to the shape of the graph of 
voltage magnitude at node 2 versus frequency. (Hint: a 
smaller resistor will affect the circuit Q, or quality fac- 
tor). 

c. Run a SPICE analysis using the input file from 2.a. 
Compare the graph that results with your prediction from 
2.b. 


3. In Fig. 4.13, replace the 20 nF capacitor with a 20 mH 
inductor, and repeat the SPICE analysis. 


4. Use SPICE to find the voltage at node 16 in Fig. 4.17. 





Figure 4.17 Circuit for Prob. 4. 


Chapter 5 


LINEAR DEPENDENT 
SOURCES 





5.1 INTRODUCTION 


SPICE allows the user to use dependent (or controlled) volt- 
age sources and current sources in describing circuits. This 
can be useful in making simple models of semiconductor de- 
vices such as bipolar junction transistors, field-effect 
transistors and operational amplifiers. In this chapter  lin- 
ear controlled sources will be introduced; Appendix C will 
present the topic of nonlinear dependent sources. 
The four kinds of linear dependent sources are: 


voltage-controlled current source, or VCCS 
voltage-controlled voltage source, or VCVS 
current-controlled current source, or CCCS 
current-controlled voltage source, or CCVS 


The sources are uniquely specified by an element name begin- 
ning with the letter G, E, F or H, and have units as describ- 
ed below: 


ELEMENT EQUATION ELEMENT TYPE UNIT 





vccs I =G(V) Transconductance Siemen 
VCVS V=E(V) Voltage gain V/V 
CCCS I = F (I) Current gain A/A 
CCVS V= H (I) Transresistance Ohm 


$1 
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5.2. LINEAR VCCS 


Linear voltage-controlled current sources are described by 
the following element line 


GXXXXXX N+ N- NC+ NC- VALUE 


where N+ and N- are the nodes to which the current source is 
connected, NC+ and NC- are the nodes which define the con- 
trolling voltage, and VALUE is the transconductance of the 
VCCS in siemens. 


EXAMPLE: 


GWHIZ 4 13 22 26 5E-2 

The current source connected between nodes 4 and 13 
(with positive current assumed to flow from 4 to 13) is 
controlled by the voltage difference between nodes 22 and 
26 (node 22 considered positive). The transconductance 
is 50 millisiemens. See Fig. 5.1. 


In order to illustrate the use of the VCCS element, a simple 
model of a JFET will be done with a VCCS. The circuit in 
Fig. 5.2, with nodes notated for SPICE analysis, can be re- 
drawn with a VCCS replacing the JFET. See Fig. 5.3. The ele- 
ment lines describing the redrawn circuit are shown below. 
The transconductance of the JFET and the VCCS is assumed to 
be 20 mS. 


em othe 


PREETI) Se Sa 
NC+ 
I = 0.05 (v) 
WHERE 
NC- V = Vv (22) —- V (26) 





| 


Figure 5.1 Voltage-Controlled Current 
Source. 
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vcc = +12 Vv 





Figure 5.2 JFET Circuit Notated for 
SPICE. 


VCC 15 0 12 

VSIGNAL 5 0 AC 10M 
CGATE 5 10 22U 

RGATE 10 0 2MEG 
RSOURCE 25 0 1K 

RDRAIN IS 20 10K 

GFET 20 25 10 25 20E-3 


In this JFET modeling example, the current that flows from 
drain to source is determined by the gate-source voltage, 
VGs and the JFET transconductance of 20 mS. 


Ipg = .020 (Vgs) 


vcc = +12 V 





Figure 5.3 JFET Circuit Modeled with VCCS. 
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5.3. LINEAR VCVS 


Linear voltage-controlled voltage sources are described by 
the following element line 


EXXXXXX N+ N- NC+ NC- VALUE 


where N+ and N- are the nodes to which the voltage source is 
connected, NC+ and NC- are the nodes which define the con- 
trolling voltage, and VALUE is the voltage gain of the VCVS 
in V/V. 


EXAMPLE: 


EGAIN 14 9 6 2 250 

The voltage source connected between nodes 14 and 9 
(node 14 is positive) has a magnitude of 250 times the 
voltage between nodes 6 and 2. Refer to Fig. 5.4. 


A good example of the use of the VCVS element is as a small- 
signal model of an operational amplifier at low frequencies 
(where slew-rate and gain-bandwidth limitations can be  ne- 
glected). The circuit in Fig. 5.5, with nodes notated for 
SPICE analysis, can be redrawn with an input resistance and a 
VCVS replacing the op-amp. The operational amplifier has a 
differential input resistance of 1 megohm and an open-loop 
gain of 50,000 V/V. See Fig. 5.6. The element lines de- 
scribing the redrawn circuit are shown below. 


VSIG 4 0 AC 1 
RSIG 4 11 50 
RFB 22. 19. 20K 
1 
' 
_ it 
NC+ 
+ 
EGAIN EGAIN = 250 (Vv) 
~ WHERE 
NC- v= v6) — Vv (2) 





Figure 5.4 Voltage-Controlled Voltage 
Source. 
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1v OP—AMP 





Figure 5.5 Op-Amp Circuit. 


R1 19 0 1K 
RINOPAMP 1] 19 IMEG 
EOPAMP 22. 9 11 19 5E4 


In this op-amp model, the voltage at the output of the op-amp 
is equal to the input differential voltage (voltage at node 
11 minus the voltage at node 19) multiplied by the open-loop 
gain of 50,000 V/V. Of course, this simple model neglects 
saturation, capacitance and slew-rate, among others. 





RASIG 


RINOPAMP 


Figure 5.6 Op-Amp Circuit Modeled with VCVS. 
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5.4 LINEAR CCCS 


Linear current-controlled current sources are described by 
the following element line 


FXXXXXX N+ N- VNAME VALUE 


where N+ and N- are the nodes to which the current source is 
connected, VNAME is the name of a voltage source in the same 
input file through which the current controlling the CCCS 
flows, and VALUE is the current gain of the CCCS in A/A. Note 
that it may be necessary to insert a dead voltage source in 
the circuit branch where the controlling current flows in or- 
der to have a VNAME tto control the CCCS. Such a dead voltage 
source would have no effect on circuit operation. 


EXAMPLE: 


FOUT 37 24 VSENSE 5 

Refer to Fig. 5.7. The current in CCCS FOUT con- 
nected between nodes 37 and 24 has a magnitude of 5 times 
the current flowing (downward from node 6 to node 11) 
through voltage source VSENSE and the 20 ohm resistor. 
Positive current in FOUT flows from node 37 to node 24, 
through the current source. 


Bipolar junction transistors can be thought of as current- 
controlled current sources for small-signal operation. The 
BJT circuit shown in Fig. 5.8 will be modeled as a resistance 
for the base-emitter junction and as a CCCS for the collector- 
emitter junction. The forward current gain, beta, is assumed 


FOUT 





Figure 5.7 Current-Controlled Current 
Source Circuit. 
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vcCc =_+45V 





VEE = -1av 


Figure 5.8 Bipolar Junction Transistor 
Circuit. 


to be 80 A/A. Figure 5.9 shows the modeled circuit. The in- 
put element lines for Fig. 5.9 are shown below. 


VIB 0 2 0 

FBJT 4 5 VIB 80 
VCC 3 0 15 

VEE 6 0 “12 
RBASE 2 5 1.8K 
RE 5 6 10K 

RC 3 4 10K 





=> [e] VEE = —12V 


Figure 5.9 BJT Circuit Modeled with CCCS. 
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The resistance between node 2 and 5 (RBASE) is the hybrid 
parameter (hie), for which 1.8K ohms is appropriate for this 
circuit. Note that the dummy voltage source VIB (its magni- 
tude is zero) was added to the circuit in order to provide a 
way of measuring the base current flowing up from ground into 
the base terminal of the model (node 2). VIB’s positive node 
is O and its negative node is 2; this way current flowing 
from node 0 to node 2 is considered positive. While this is 
not a very practical model of a BJT, it does illustrate the 
format for a CCCS element line. 


5.5 LINEAR CCVS 


Linear current-controlled voltage sources are described by 
the following element line 


HXXXXXX N+ N- VNAME VALUE 


where N+ and N- are the nodes to which the voltage source is 
connected, VNAME is the name of a voltage source in the same 
input file through which the current controlling the CCVS 
flows, and VALUE is the transresistance of the CCVS in ohms. 
Note that it may be necessary to insert a dead voltage source 
in the circuit branch where the controlling current flows, in 
order to have a VNAME to control the CCVS. Such a dead volt- 
age source would have no effect on circuit operation. 


EXAMPLE: 


HSAMPLE 24 37 VSENSE 6 

Refer to Fig. 5.10. The voltage across CCVS HSAMPLE, 
connected between nodes 24 and 37, has a magnitude of 6 
times the current flowing (downward from node 6 to node 
11) through voltage source VSENSE and the 20 ohm 
resistor. 


This chapter has been devoted to presenting linear dependent 
sources. SPICE is capable of analyzing circuits containing 
non-linear dependent sources as_ well. Non-linear dependent 
sources are discussed in Appendix B. 
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Figure 5.10 Current-Controlled Voltage 
Source Circuit. 


CHAPTER SUMMARY 


SPICE has four kinds of linear dependent sources: VCCS, VCVS, 
CCCS and CCVS. 


Linear dependent sources can be used to create your own 
models of circuit devices. 


All four kinds of linear dependent sources are connected to 
two nodes. Two kinds (VCCS and VCVS) are controlled by the 
difference in voltage between two nodes, while the other two 
kinds (CCCS and CCVS) are controlled by the current through 
an independent voltage source. This independent voltage 
source (which may be a dead source) may have to be added to a 
branch to sense the current in that branch. 


Chapter 6 


TYPES OF ANALYSES 





6.1 INTRODUCTION 


By including control lines in an input file, SPICE can be 
made to perform many kinds of analyses of a circuit. General- 
ly, only one or two will be done at a time. Later in this 
chapter use of each control line will be illustrated with ex- 


amples. The many examples in Chap. 12, including circuit 
schematic diagrams, input files, output files and a discuss- 
ion of each example will be helpful as_ well. The control 


lines and a brief description of the types of analysis are: 


DC A non-linear analysis which determines the DC oper- 
ating point of the circuit. Capacitors are open-circuit- 
ed, and inductors are short-circuited during DC analy- 
sis. One or more sources (current and voltage) may be 
stepped over a_ range. Results of the analysis at each 
source value may be printed in a table and/or plotted. 


AC” This is a linear small-signal analysis. SPICE deter- 
mines the DC operating point of a circuit and thereby cal- 
culates values for small-signal models of all nonlinear 
devices (semiconductors, inductors, capacitors, polynomi- 
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al dependent sources). Then the linear small-signal cir- 
cuit model is analyzed at each frequency specified by the 
user, Results of the analysis at each frequency can be 


printed and/or plotted. 


TRAN This transient analysis determines the output vari- 
ables (current and voltage) as a function of time over a 
time interval which is specified. The size of the time 
step used within the interval may be specified. A _ table 
can be printed and/or a plot made of the output variables 
versus time. 


-OP Causes SPICE to solve for and print the DC operating 
point of a circuit. This is done automatically when an 
AC analysis is performed, to find the AC small-signal mod- 
el parameters, and also when a transient analysis is 
done, to determine initial conditions. 


:TF Does a small-signal DC transfer function analysis of 
a circuit from a specified input to a specified output. 
The input resistance, output resistance, and transfer 
function (voltage gain, current gain, transresistance or 
transconductance) are printed. 


SENS SPICE finds the DC small-signal sensitivities of 
one or more specified output variables with respect to ev- 
ery parameter in the circuit, including semiconductor pa- 
rameters. A large amount of paper can be consumed print- 
ing the results of this analysis for any but the smallest 
circuits ! 


.DISTO If this control line is present with a .AC con- 
trol line, SPICE will determine several kinds of distor- 
tion of the circuit in small-signal analysis. Results 
may be printed and/or plotted. 


NOISE When present with a .AC control line, SPICE will 
find the equivalent output noise and equivalent input 
noise at specified output and input points in the cir- 
cuit. Results may be printed and/or plotted. 


FOUR Performs a Fourier analysis of an output variable 
when done with a transient analysis. Computes the ampli- 
tudes and phases of the first nine frequency components 
(harmonics) of a user-specified fundamental frequency, as 
well as the DC component. 


-TEMP Not truly an analysis by itself, .TEMP tells SPICE 
at what temperature(s) to simulate a circuit. 
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6.2 DC ANALYSIS USING .DC CONTROL LINE 


Control line format: 
‘DC SRC START STOP INCR <SRC2 START2 STOP2 INCR2> 


In the control line above, SRC is the name of the independent 
voltage or current source being varied. START is the start- 
ing value, STOP is the final value, and INCR is the increment 
size; units are volts or amps. Optionally, a second source 
(SRC2) may be specified, along with its associated parame- 
ters. If it is, the first source will be swept over its en- 
tire range (START to STOP) for each value of the second 
source. Associated with any .DC control line should be a 
PRINT or a .PLOT control line which will cause an output to 
be written to the SPICE output file. For more information on 
PRINT and .PLOT, see Chap. 7. 


EXAMPLES: 


.DC VGATE -2 3 0.5 

Independent voltage source VGATE (specified elsewhere in 
the input file) is incremented from -2 V to +3 V in 0.5 Vv 
steps. In other words, it will be set to values of -2, -1.5, 
“ly cek gto: V. 


.DC IBASE 0 100U 10U VCE 0 20 4 

Independent current source IBASE will step from 0 to 100 
uA in steps of 10 uA while independent voltage source VCE is 
fixed at 0 V. Then VCE will jump to 4 V, and IBASE will step 
again from 0 to 100 uA. This process will be repeated until 
VCE reaches 20 V. A total of 66 DC analyses will occur; 11 
for IBASE, multiplied by 6 for VCE. 


6.3 AC ANALYSIS USING .AC CONTROL LINE 


Control line format: 


AC LIN NP FSTART FSTOP 
.AC DEC ND FSTART FSTOP 
AC OCT NO FSTART FSTOP 


In the control lines above, FSTART is the lowest frequency 
(which may not be negative or zero), and FSTOP is the highest 
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frequency. The frequencies at which the analyses are done 
can be specified three ways: 


LIN NP _ will cause an analysis to occur at a number of 
frequencies equal to NP, linearly spaced between FSTART 
and FSTOP. To do an AC analysis at a single frequency, 
set NP equal to 1, and make FSTART and FSTOP equal the 
desired frequency. 


DEC ND _ will make SPICE divide the frequency range into 
decades, with ND frequencies per decade. Frequencies 
will be logarithmically-spaced (the ratio of any two ad- 
jacent frequencies is the same over the entire range). 
This decade spacing is most useful with wide ranges of 
frequency; if FSTOP is not an integer number of decades 
above FSTART, the highest frequency can exceed FSTOP. 


OCT NO instructs SPICE to break the frequency range 
into octaves, with NO frequencies per octave. Frequen- 
cies will be logarithmically-spaced (the ratio of any two 
adjacent frequencies is the same over the entire range). 
This octave spacing is most useful with wide ranges of 
frequency; if FSTOP is not an integer number of octaves 
above FSTART, the highest frequency can exceed FSTOP. 


Unlike the .DC control line, the .AC control line does not 
specify which source(s) are to be swept in frequency. The 
frequency of all AC sources in the circuit will be set simul- 
taneously by the .AC control line. Associated with any .AC 
control line should be a .PRINT or a .PLOT control line which 
will cause an output to be written to the SPICE output file. 
For more information on .PRINT and .PLOT, see Chap. 7. 


EXAMPLES: 


.AC LIN 101 5000 6000 

Any independent AC sources in the circuit will start at 5 
KHz and increment upward by 10 Hz until 6 KHz is reached. 
Thus, AC analysis will occur at frequencies of 5000, 5010, 
5020, ..., 5990, 6000 Hz. 


.AC LIN | 3.58MEG 3.58MEG 
All independent AC sources are set to 3.58 MHz for the AC 
analysis. 
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AC DEC 5 1 10K 

Since there are 4 decades of frequency [log(l0K/1) = 4], 
and 5 points per decade, AC analysis will occur at 21 frequen- 
cies logarithmically-spaced between 1 Hz and 10 KHz. 


.AC OCT 7 10 5120 

The number of octaves of frequency can be determined by: 
NO = [(log(5120/10))/log2] = 9. AC analysis will be done at 
64 frequencies (7 points/octave, 9 octaves) spaced logarithmi- 
cally between 10 Hz and 5.12 KHz. 


6.4 TRANSIENT ANALYSIS USING 
TRAN CONTROL LINE 


Control line format: 
TRAN TSTEP TSTOP <TSTART <TMAX>> <UIC> 


In the control line above, TSTEP is the time increment used 
for plotting and/or printing results of the transient analy- 
sis; it is not necessarily the computing time step that SPICE 
uses between successive analyses. TSTOP is the time of the 
last transient analysis. TSTART may be omitted; its default 
value is zero. SPICE always starts the analysis at time ze- 
ro; if a TSTART value greater than zero is specified, SPICE 
will analyze the circuit from zero to TSTART but will not 
store the analysis results. 

The largest computing time step SPICE will use is TMAX. 
If TMAX is not specified, the computing time step will be the 
smaller of TSTEP or (TSTOP - TSTART)/50. TMAX can be used to 
ensure that the computing time step is smaller than the plot- 
ting/printing interval, TSTEP. 

The parameter UIC means use initial conditions. When UIC 
appears in the .TRAN control line, SPICE does not compute the 
quiescent operating point of the circuit prior to doing the 
transient analysis. SPICE will do one of two things: 


1. If a JIC control line is not present, it will use the 
initial conditions specified on element lines (capaci- 
tors, inductors and semiconductors) as the starting point 
for its analysis. 
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2. If a IC control line is present, it will use the node 
voltages on the .IC line to determine the initial condi- 
tions for elements. 


EXAMPLES: 


-TRAN 1U 80U 
A transient analysis will occur every | us from time zero 
to 80 us. 81 points will be plotted or printed. 


-TRAN 2N_ 1000N 

The intent of this control line is to do a transient anal- 
ysis every 2 nanoseconds, up to 1000 nanoseconds. However, 
an error will occur here because the number of points to be 
plotted or printed is 501, in excess of the SPICE default 
limit of 201. This problem is easily corrected by using the 
"LIMPTS =" command in a .OPTIONS control line. For example, 
the control line OPTIONS LIMPTS = 600 would prevent an error 
message. See Appendix A. 


-TRAN 5M 500M 100M 2M UIC 

Every 5 ms from time zero up to 500 ms a transient anal- 
ysis will be done; however, results will not be stored (or 
plotted or printed) until 100 ms. The computing time step 
will be 2 ms ( TSTEP is 5 ms, [TSTOP - TSTART]/50 = [500 ms 
- 100 ms]/50 = 8 ms ). If 2M had not appeared in the .TRAN 
control line, the computing time step would have been the 
smaller of 5 ms and 8 ms, or 5 ms. _ Initial conditions will 
be used for the first transient analysis. 


6.5 OPERATING POINT ANALYSIS 
USING .OP CONTROL LINE 


Control line format: 
.OP 


That’s it, plain and simple. There are no optional parame- 
ters one can specify. This control line instructs SPICE to 
solve for the operating point of the circuit with capacitors 
opened and inductors shorted, and to print detailed results 
of the operating point analysis. Such things as total cir- 
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cuit power dissipation and currents of voltage sources, as 
well as small-signal parameters of semiconductors and non- 
linear devices, are printed. 

SPICE performs a DC operating point analysis without the 
OP control line when an AC analysis or transient analysis is 
performed, but it does not print such detailed results. 


6.6 TRANSFER FUNCTION ANALYSIS 
USING .TF CONTROL LINE 


Control line format: 
TF OUTPUTVAR INPUTSRC 


OUTPUTVAR is a small-signal output variable (voltage or cur- 
rent); INPUTSRC is a small-signal input source (voltage or 
current). The .TF control line does a small-signal DC trans- 
fer function analysis, and will print the input resistance at 
INPUTSRC, the output resistance at OUTPUTVAR, and some type 
of transfer function (voltage gain, current gain, transresis- 
tance or transconductance) in the output file. 


EXAMPLES: 


.TF V(5) VIN 

The specified output is the node 5 voltage, and the speci- 
fied input is a voltage source already defined in the input 
file as VIN. The transfer function would be a voltage gain. 


.TF I(VIDRAIN) VGATE 

The output is the current through voltage source VIDRAIN 
(likely to be a dummy voltage source used as an ammeter in 
the drain branch of a FET), while the input is a voltage 
source already defined in the input file as VGATE. The trans- 
fer function would be current/voltage, or transconductance. 


.TF V(12,15) IBASE 

The output is the difference in voltage between nodes 12 
and 15 (perhaps collectors in a BJT differential amplifier), 
and the input is a current source previously defined in the 
input file as IBASE. The transfer function is the quotient 
of voltage/current, or transresistance. 
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6.7 SENSITIVITY ANALYSIS 
USING .SENS CONTROL LINE 


Control line format: 
SENS OVI <OV2> 


OVI is the output variable such as node voltage or cur- 
rent ,through a voltage source. One output variable must be 
specified; others are optional. The DC small-signal sensitiv- 
ity of each output variable to each circuit parameter will be 
determined. It is easy to fell entire forests due to massive 
amounts of paper consumed when this control line is used in 
any but the simplest circuits. A SPICE analysis of a simple 
two-transistor differential amplifier with 3 resistors, 2 
BJTs and two batteries printed 34 lines of sensitivity infor- 
mation with only one output variable specified. Each BJT con- 
tributed 14 lines to the list. 


EXAMPLES: 


SENS V(5) I(VSUPPLY) 

The small-signal DC sensitivity of the voltage at node 5 
will be determined for each parameter in the circuit. In ad- 
dition, the small-signal DC sensitivity of the current in 
voltage source VSUPPLY (defined elsewhere in the input file) 
will be determined for each parameter in the circuit. 


6.8 DISTORTION ANALYSIS 
USING .DISTO CONTROL LINE 


Control line format: 
-DISTO RLOAD INTER <SKW2 <REFPWR <SPW2>>>> 


This control line must be used with a .AC control line. 
SPICE will determine the small-signal distortion characteris- 
tic of the circuit along with the AC small-signal sinusoidal 
steady-state analysis. RLOAD is the element name of the out- 
put resistor into which all the distortion power will be cal- 
culated. INTER is the interval at which a summary printout 
of the contributions of all non-linear devices to the total 
distortion is printed; if INTER is omitted or set to zero, no 
summary printout is done. For example, if INTER is set to 2, 
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then a summary printout will occur at every other AC analysis 
frequency. Results of the distortion analysis can also be 
plotted and/or printed. See Chap. 7 for information on doing this. 

The distortion analysis is done with one or two frequen- 
cies at the input. Let f1 be the frequency of the AC analy- 
sis; f2 is then equal to SKW2(fl). If SKW2 is omitted it de- 
faults to 0.9, so that f2 = 0.9(f1). REFPWR is the reference 
power level used in calculating the distortion products. If 
omitted,, REFPWR defaults to 1 mW (0 dBm). SPW2 is the ampli- 
tude of £2; if omitted, SPW2 defaults to 1.0. 

The output resulting from a .DISTO control line will 
contain the following: 


HD2, the amplitude of the second harmonic of fl, assuming 
that f2 is not present. 


HD3, the amplitude of the third harmonic of fl, assuming 
that f2 is not present. 


SIM2, the amplitude of the (f1 + £2) frequency component. 
DIM2, the amplitude of the (f1 - £2) frequency component. 


DIM3, the amplitude of the (2(f1) - £2) frequency com- 
ponent. 


EXAMPLES: 


.DISTO ROUTPUT 3 0.5 

A distortion analysis will occur at every third frequency 
of the AC analysis. The second frequency, f2, will be 
0.5(f1). The reference power level is | mW. 


.DISTO RDRAIN 1 

The distortion analysis will take place at each frequency 
of the AC analysis. The second frequency, f2, will be 
0.9(f1) since no SKW2 value was specified. The reference pow- 
er level is 1 mW by default. 


6.9 NOISE ANALYSIS USING 
-NOISE CONTROL LINE 


Control line format: 
NOISE OUTPUTV INPUTSRC NUMSUM 


This control line must be used with a .AC control line. 
SPICE will perform a noise analysis of the circuit along with 
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the AC small-signal steady-state analysis. OUTPUTV is a volt- 
age which will be considered the output summing point for 
noise. INPUTSRC is the element name of an independent volt- 
age or current source which will be the noise input 
reference. NUMSUM is the summary interval; it is the 
interval at which a summary printout of the contributions of 
all noise generators (resistors, semiconductors) is printed. 
If NUMSUM is omitted or set to zero, no summary printout is 
done. For example, if NUMSUM is set to 5, then a summary 
printout will occur at every fifth AC analysis frequency. 

It is easy to consume large amounts of paper with this 
control line if NUMSUM is set to 1. Results of the noise 
analysis can also be plotted and/or printed. See Chap. 7 for 
information on doing this. 


EXAMPLES: 


NOISE V(2,3) VINI 10 

A noise analysis will be done along with the AC anal- 
ysis. The summary printout will list, at every tenth fre- 
quency, the output noise measured as the difference between 
nodes 2 and 3, and the equivalent input noise referenced to 
voltage source VINI. 


NOISE V(17) IBIAS 

A noise analysis is done with the output noise measured 
at node 17, and the equivalent input noise referenced to cur- 
rent source IBIAS. Although no summary printouts will occur, 
the output noise and equivalent input noise can be plotted 
and/or printed at each frequency of the AC analysis. 


6.10 FOURIER ANALYSIS USING 
-FOUR CONTROL LINE 


Control line format: 
FOUR FREQ OVI <OV2 OV3 ...> 


A Fourier analysis can only be done in conjunction with a 
transient analysis (a .TRAN control line must appear in the 
same input file), The .FOUR control line instructs SPICE to 
determine the amplitudes of the DC component and the first 
nine frequency components of a waveform (the fundamental and 
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second through eighth harmonics). Results are written to the 
output file without the need for .PLOT or .PRINT control 
lines. 

FREQ is the fundamental frequency (determined by you). 
If the input to a circuit was a triangle waveform with a pe- 
riod of 5 ms, the fundamental frequency would be 1/(5 ms), or 
200 Hz. OVI ... are the output variables on which a Four- 
ier analysis is to be performed. It is important to note 
that the Fourier analysis is not performed over the entire 
time of the transient analysis. It is done only at the very 
end of the time, from (TSTOP-period) to TSTOP. Thus one must 
be sure to make the transient analysis at least 1/FREQ long. 
For example, for the .FOUR analysis to be meaningful, a cir- 
cuit with a a 60 Hz sinusoid input should be at least 1/(60 
Hz) or 16.7 ms long. 

In order to achieve good accuracy in the Fourier analysis 
results, the maximum computing time step (TMAX in the .TRAN 
control line) should be set to period/100 or less. 


EXAMPLES: 


FOUR 60 V(6) I(VSOURCE) 

A Fourier analysis will be done on the voltage at node 6 
and also on the current through VSOURCE. The user-specified 
fundamental frequency is 60 Hz. 


-FOUR 2MEG V(8,2) 
Using a fundamental frequency of 2 MHz, a Fourier analy- 
sis will be done on the voltage between nodes 8 and 2. 


6.11 ANALYSIS AT DIFFERENT TEMPERATURES 
USING .TEMP CONTROL LINE 


Control line format: 
TEMP Tl <T2 <T3 ...>> 


The .TEMP line sets the temperature(s) at which SPICE will 
simulate the circuit. Ti, T2, .. . are the temperatures ex- 
pressed in centigrade. If more temperatures than T1 are spe- 
cified, all analyses are performed at each temperature. Tem- 
peratures less than -223.0 C will be ignored by SPICE. 
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SPICE will assume that the nominal circuit temperature, 
TNOM, is 27 C unless the TNOM option in the .OPTIONS control 
line is used to set another value. Model parameters for semi- 
conductors are assumed to be valid at TNOM; TNOM also affects 
the resistance variation of temperature-dependent resistors. 


EXAMPLES: 


-TEMP 0 25 60 100 
All analyses specified in the circuit input file will be 
performed at 0, 25, 60 and 100 degrees centigrade. 


.TEMP -40 
All analyses specified in the circuit input file will be 
performed at -40 degrees centigrade. 


CHAPTER SUMMARY 


SPICE analyses include DC, AC, transient, operating point, 
transfer function, sensitivity, distortion, noise and 
Fourier. In addition, the circuit temperature can be set to 
any value(s) with the .TEMP control line. 


AC analysis can .be done at many frequencies which are 
linearly- or logarithmically-spaced. 


Some of the analyses can create very large output files; look 
at the output file on the monitor before printing it to save 
paper. 


PROBLEMS 


1. Refer to the circuit schematic diagram in Fig. 6.1, which 
has nodes notated for SPICE analysis. 
a. Write a SPICE input file describing the circuit, in- 
cluding a title line and a .END line. 
b. Analyze the circuit for the DC voltage across the 4K 
ohm resistor (including polarity), using conventional cir- 
cuit analysis methods. 
c. Run a SPICE analysis using the input file from Prob. 
la. How does your answer in 1.b compare with the re- 
sults obtained from the SPICE analysis? 
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Figure 6.1 Circuit for Prob. 1. 


2. The circuit of Fig. 6.2 contains a _ voltage-controlled 
voltage source, E. The voltage across E, V(4,0), is given by 


V(4,0) = 7*VA 


where VA is the voltage across the | ohm resistor, V(2,1). 
a. Write a SPICE input file describing the circuit. 
b. Use SPICE to solve for the current through the 2 ohm 
resistor (a dead voltage source is included in the cir- 
cuit to serve as an ammeter). 
c. Modify the input file to determine the sensitivity of 
the current through the 2 ohm resistor to the magnitude 
of the 3 V battery. Run the analysis. 


3. <A filter circuit used in frequency modulators is shown in 
Fig. 6.3. It is called a pre-emphasis circuit, and has an in- 





Figure 6.2 Circuit for Prob. 2. 
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Figure 6.3 Circuit for Prob. 3. 


teresting response as a function of frequency. The response 
is flat up to about 2 KHz, then rises at 20 dB/decade until 
about 20 KHz, above which the response is flat again. This 
filter increases the amplitude of the frequencies above 2 KHz 
prior to modulation. In the receiver, after demodulation a 
similar filter with the opposite response attenuates frequen- 
cies (and noise) above 2 KHz, improving the signal to noise 
ratio at the output. 

a. Use SPICE to do an AC analysis from 200 Hz to 200 KHz, 

with logarithmically-spaced frequencies. Plot the output 

voltage magnitude at node 2 versus frequency. 


4. Figure 64 is alleged to be a notch filter. It consists 
of a 2-pole high-pass filter in cascade with a 2-pole low- 
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Figure 6.4 Circuit for Prob. 4. 
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pass filter, connected to the inverting input of a true dif- 
ferential amplifier. The input signal feeds both the high- 
pass filter and the non-inverting input of the differential 
amplifier. Each op-amp is modeled as an input resistance of 
1E6 ohms, and a VCVS with a gain of IE5 V/V. 
a. Write a SPICE input file describing the circuit. 
Include an AC analysis which sweeps the frequency of VIN, 
and a plot of the gain versus frequency. For conven- 
ience, make VIN have a magnitude of 1 V. Choose a mini- 
mum and maximum frequency, as well as a type of sweep 
(LIN, DEC and OCT are available) which will show the 
notch frequency in a graph of output (node 12) voltage 
versus frequency. 
b. Based on the result of 4.a, narrow the sweep range so 
that the shape and depth of the notch are shown clearly. 
What is the gain of the circuit at the center of the 
notch? 


5. An array of 7 capacitors is shown in Fig. 6.5. The 

effective capacitance between nodes 1 and O is the unknown. 
a. Using the test circuit with an AC source and a 1 mH 
inductor shown, sweep the source over an appropriate 
range to make series resonance occur. Look for resonance 
by observing a plot of the voltage at node 1 (magnitude 
and phase) versus frequency. HINT: SPICE requires that 
all nodes have a DC path to ground. When nodes do not, 
you have to put in a dummy resistor (1E9 ohm will do) in 
order to run an analysis. 
b. As in Prob. 4.b, narrow the sweep range in the region 
of resonance to get an accurate measure of the resonant 
frequency. Calculate effective capacitance using this 
result. 


6. A 2-pole high-pass filter is shown in Fig. 6.6. Its 
response is very under-damped, due to excessive gain. In 
fact, just a bit more gain and it will be a free-running 
oscillator. 
a. Model the op-amp as a 1E6 ohm input resistance and a 
VCVS with a gain of 5E4 V/V. Make the input voltage be a 
pulse that goes from 0 V to 1 V at 0.5 ms, has a _ pulse 
width of 0.4 ms, and rise and fall times of 1E-6 5s. 
Write a SPICE input file that will do a transient 
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Figure 6.5 Circuits for Prob. 5. 


analysis with time steps of 0.1 ms up to 5 ms. Plot the 
output voltage (node 5) and the input voltage (node 1) 
versus time. The damped oscillation of the filter at its 
natural frequency should be very apparent. 


7. The Fourier analysis capability of SPICE can be used to 
generate harmonic information for any periodic waveform. 
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Figure 6.6 Circuit for Prob. 6. 


Figure 6.7 shows a 1 KHz square wave voltage source, V, with 
a 1 ohm resistor to ground to satisfy the requirement that 
each node must be connected to at least two elements. The 
squarewave goes between -1 V and 1 V, and has rise and fall 
times of 1 ns. 
a. Write an input file using a PULSE function for V. Do 
a transient analysis for 2 ms, with time steps of l1E-5 s. 
Use the .FOUR control line to produce the Fourier 
components at node 1. 





Figure 6.7 Circuit for Prob. 7. 


Chapter 7 


FORMATTING 
SPICE OUTPUT: 
PRINTING TABLES 
AND GRAPHS 





7.1) INTRODUCTION 


As we saw in Chap. 6 on the types of analyses possible with 
SPICE, some control lines will cause an automatic printing of 
analysis results. Among these control lines are: .OP (oper- 
ating point), .TF (transfer function) and .SENS (sensitivi- 
ty). Other kinds of analysis, such as .DC (non-linear DC), 
AC (small-signal AC), .TRAN (non-linear transient analysis), 
.DISTO (distortion) and .NOISE (noise) do require that an ad- 
ditional control line be used to send results to the output 
file. 

This chapter will cover two control lines, .PRINT and 
.PLOT, which, when additional parameters are included, will 
cause the analysis results to be written to the SPICE output 
file. -PRINT presents analysis results in tabular form, 
while .PLOT creates rectangular graphs of results. By invest- 
ing a modest amount of time learning how these two control 
lines work, you will be able to make the output appear the 
way you want it to. Much time can be saved by letting SPICE 
do some of the major number crunching and then printing the 
final result. For example, SPICE can print and plot magni- 
tudes in decibel form, as well as expressing complex numbers 
in both polar and rectangular forms. 
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7.2. USE OF THE .PRINT CONTROL LINE 
7.2.1 .PRINT Format 


The control line format is 
PRINT ANALTYPE OV1 <OV2 ... OV8&> 
ANALTYPE is one of five types of analysis 


DC 
AC 
TRAN 
DISTO 
NOISE 


Notice that the ANALTYPE does not have a period (.) preceding 
it. Up to 8 output variables can be listed together on one 
print control line, although only 5 output variables will fit 
on an 80 column-wide printer. There is no limit to the num- 
ber of print control lines in an input file. 

OV stands for output variable. The format for OV1 through 
OV8 depends on the type of analysis being done. The .PRINT 
line will make a table of results appear in the output file. 
The first column will be the DC voltage (for DC analysis), 
the frequency (for AC analysis) or the time (for transient 
analysis). 


7.2.2, DC and Transient Analysis 
Output Variable Formats 


Output variables for DC and transient analysis can be volt- 
ages at nodes compared to ground (node 0), voltages between 
two nodes, or currents flowing through independent voltage 
sources. If an output variable has only one node listed, 
such as V(8), SPICE interprets that to be compared to ground. 


EXAMPLES: 


PRINT DC V(1) V(5,7) I(VGATE) 

The results of the DC analysis will be the magnitude of 
node 1 voltage (compared to ground), the voltage between 
nodes 5 and 7, and the current flowing through voltage source 
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VGATE. The output data table will have four columns, one for 
the first DC source listed in the .DC control line and three 
for the three output variables. 


PRINT TRAN V(6) I(VSENSING) V(4,2) 

The results of the transient analysis will be the magni- 
tude of node 6 voltage, the voltage between nodes 4 and 2, 
and the current flowing through voltage source VSENSING. The 
output data table will have four columns, one for the time 
steps specified in the .TRAN control line and three for the 
three output variables. 

Remember that SPICE uses dead voltage sources as amme- 
ters, so an appropriate name for such a current-sensing dead 
voltage source is VSENSING. 


7.2.3, AC Analysis Output Variable Formats 


Output variables for AC analysis can be voltages at nodes com- 
pared to ground (node 0), voltages between two nodes, or cur- 
rents flowing through independent voltage sources. 


For AC analyses, the output variables in the .PRINT control 
line could be the same as in both examples above for DC and 
transient analysis. If this were done, SPICE would print on- 
ly the magnitude of each voltage or current. Since sinusoi- 
dal voltages and currents can be complex, SPICE allows for 
printing complex voltages as follows 


Vv magnitude 

VR real part 

VI imaginary part 

VM magnitude; V gives the same result. 
VP phase 


VDB 20*LOG(magnitude) 


Similarly, complex current can be specified as follows 


I(VXXXXXX) magnitude 
IR(VXXXXXX) real part 
HW(VXXXXXX) imaginary part 
IM(VXXXXXX) magnitude 
IP(VXXXXXX) phase 
IDB(VXXXXXX) 20*LOG(magnitude) 
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EXAMPLES: 


PRINT AC VM(3) VP(3) VR(3) VI(3) VDB(3) 

This print control line will make SPICE create a table of 
the results of an AC analysis. The leftmost column will be 
all the frequencies specified by the .AC control line. The 
five columns to the right of the frequency column will con- 
tain the magnitude and phase of the voltage at node 3 (com- 
pared to node 0, or ground), the real and imaginary parts of 
the voltage at node 3, and the magnitude of the node 3 volt- 
age in decibels. Thus, SPICE has presented the phasor volt- 
age at node 3 in polar form, rectangular form, and in dB. 


PRINT AC IM(VSENSING) IP(VSENSING) IDB(VSHORT) 

The magnitude and phase of the phasor current through 
voltage source VSENSING will be printed along with the magni- 
tude of the current through voltage source VSHORT, expressed 
in decibels. 


7.2.4 Noise and Distortion Analysis 
Output Variable Formats 


Output variables for both noise and distortion analysis are 
structured differently from DC, AC and transient analysis. 
The kinds of output variables are 


ONOISE output noise 
INOISE equivalent input noise 


HD2 2*f1 component (see .DISTO analysis, Chap. 6) 
HD3 3*f1 component (ditto) 

SIM2 f1 + £2 component (ditto) 

DIM2 fl - £2 component (ditto) 

DIM3 2*f1 - £2 component (ditto) 


and, associated with an output variable, any of the following 
may appear in parentheses: 


R real part 
I imaginary part 
M magnitude 


P phase 
DB 20*LOG(magnitude) 
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If an output variable appears without R, I, M, P or DB in pa- 
rentheses then the magnitude of that output variable will be 
printed. 


EXAMPLES: 


PRINT NOISE INOISE ONOISE(DB) 

Based on the noise analysis, the magnitude of the equiva- 
lent input noise and the output noise, in dB, will be printed 
at each frequency specified by the .NOISE and .AC control 
lines. 


-PRINT DISTO HD2 HD3(DB) SIM2 DIM2 

Based on the distortion analysis, the magnitude of the 
second harmonic, and third harmonic (in dB) distortion, as 
well as the (f1 + f2) and (f1 - £2) distortion components 
will be printed at each frequency specified by the .DISTO and 
.AC control lines. 


7.3. USE OF THE .PLOT CONTROL LINE 


In many instances during the circuit design process, exact 
values of circuit parameters are not needed. Very useful in- 
formation may be obtained by looking at a graph of the parame- 
ters versus voltage (DC analysis), time (transient analysis) 
or frequency (AC analysis). Attempting to determine qualita- 
tive information, such as ripple in a Bode plot of filter 
gain, by examining tabular data can be time-consuming and in- 
effective. The .PLOT control line instructs SPICE to graph 
output data. 

The plotting control line (.PLOT) follows the identical 
format as the print control line (PRINT) except that the low 
and high plot limits can be specified for one or a group of 
output variables. If the optional plot limits are not speci- 
fied, SPICE will automatically determine the maximum and mini- 
mum values of each variable being plotted, and will scale the 
output variable axis accordingly. The axis automatically may 
be made linear or logarithmic by SPICE. Although the automa- 
tic scaling results are not always to one’s liking, it is a 
good idea to not specify plot limits the first time an anal- 
ysis iS run. Then, one can examine the plot in the output 
file, choose appropriate plot limits, and re-run the analysis 
with a revised input file. 
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SPICE uses a different symbol for each curve plotted. 
When two or more curves intersect, the plot symbol is a 
letter X at that point. The first output variable listed in 
a .PLOT control line will have its values printed in addition 
to being plotted. If you want the value of more than one out- 
put variable to be printed, a separate .PRINT control line 
can be used. 


7.3.1 .PLOT Format 


The control line format is 


PLOT ANALTYPE OVI <(PLOI,PHI1)> <OV2 <(PLO2,PHI2)> 
+ ... OV8 <(PLO8,PHI8)>> 


Notice that the ANALTYPE does not have a period (.) preceding 
it. Up to 8 output variables can be listed together on one 
plot control line. To avoid very confusing graphs that are 
difficult to interpret, it is best to restrict the number of 
variables on one .PLOT line to two or three. There is no lim- 
it to the number of .PLOT control lines in an input file. 

OV stands for output variable; the format for OV1 through 
OV8 depends on the type of analysis being done. The .PLOT 
line will make a graph of results appear in the output file; 
the abscissa, or horizontal axis, will be the DC _ voltage 
(for DC analysis), the frequency (for AC analysis) or the 
time (for transient analysis). 

(PLO, PHI) are plot limits which are optional and can be 
put (with parentheses) after any of the output variables. If 
plot limits are used, they cause all output variables to 
their left (up to the previous .output variable whose plot 
limits are specified) to be plotted using PLO as the lowest 
axis value and PHI as the highest axis value. 

If the plotted values have sufficiently different ranges, 
SPICE will use and label more than one ordinate scale unless 
optional plot limits override this. 


7.3.2. DC and Transient Analysis 
Output Variable Formats 


Output variables for DC and transient analysis can be volt- 
ages at nodes compared to ground (node 0), voltages between 
two nodes, or currents flowing through independent voltage 
sources. 
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PLOT DC V(1) (-5,12) V(5,7) I(VGATE) 

The plotted results of the DC analysis will be the magni- 
tude of node 1 voltage, the voltage between nodes 5 and 7, 
and the current flowing through voltage source VGATE. The 
output graph will have three plots; the abscissa (horizontal 
axis) for all three will be the first DC source listed in the 
.DC control line. The plots will be the voltage at node 1, 
with scale limits of -5 V to +12 V, the voltage between nodes 
5S and 7, and the current through voltage source VGATE. The 
last two plots will be scaled automatically by SPICE. 


EXAMPLE: 


PLOT TRAN V(6) I(VSENSING) V(4,2) (0,8) 

The plotted results of the transient analysis will be the 
magnitude of node 6 voltage, the current flowing through volt- 
age source VSENSING, and the voltage between nodes 4 and 2. 
The horizontal axis for the plots of the three output varia- 
bles will be the time as specified in the .TRAN control line. 
All three plots will have vertical scale limits of 0 and 8; 
V(6) and V(4,2) will be volts, ISENSING will be amps. 


7.3.3. AC Analysis Output Variable Formats 


Output variables for AC analysis can be voltages at nodes com- 
pared to ground (node 0), voltages between two nodes, or cur- 
rents flowing through independent voltage sources. 


For AC analyses, the output variables in the .PLOT control 
line could be the same as in both examples above for DC and 
transient analysis. If this were done, SPICE would plot only 
the magnitude of each voltage or current. Since sinusoidal 
voltages and currents can be complex, SPICE allows for plot- 
ting complex voltages as follows: 


Vv magnitude 

VR real part 

VI imaginary part 

VM magnitude; V gives the same result. 
VP phase 


VDB  20*LOG(magnitude) 
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Similarly, complex current can be specified as follows: 


I(VXXXXXX) magnitude 
IR(VXXXXXX) real part 
W(VXXXXXX) imaginary part 
IM(VXXXXXX) magnitude 
IP(VXXXXXX) phase 
IDB(VXXXXXX) 20*LOG(magnitude) 


If the AC input voltage to a circuit has a magnitude of 1 V, 
use of VDB for an output voltage will produce a Bode plot, 
providing that a logarithmic sweep of frequency is done. 


EXAMPLE: 


PLOT AC VM(3) VP(3) 

This plot control line will make SPICE create a graph of 
the results of an AC analysis. The abscissa will be frequen- 
cy, as specified by the .AC control line. The two plots will 
be the magnitude and phase of the voltage at node 3 (compared 
to node 0, or ground). The two vertical axes of the graph 
will be scaled automatically. 


EXAMPLE: 


PLOT AC IM(VSENSING) (0,10M) VDB(35,19) 

The magnitude of the phasor current through voltage 
source VSENSING will be plotted along with the magnitude of 
the voltage between nodes 35 and 19, expressed in decibels. 
The scale of the current plot will be 0 to 1E-02, while the 
voltage plot will be scaled automatically. 


7.3.4 Noise and Distortion Analysis 
Output Variable Formats 


Output variables for both noise and distortion analysis are 
structured differently from DC, AC and transient analysis. 
The kinds of output variables are: 


ONOISE output noise 

INOISE equivalent input noise 

HD2 2*f£1 component (see .DISTO analysis, Chap. 6) 
HD3 3*f1 component (ditto) 
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SIM2 fl + f2 component (ditto) 
DIM2 fl - f2 component (ditto) 
DIM3 2*f1 - £2 component (ditto) 


and associated with an output variable any of the following 
may appear in parentheses: 


R real part 

I imaginary part 
M magnitude 

P phase 


DB 20*LOG(magnitude) 


If an output variable appears without R, I, M, P or DB in pa- 
rentheses then the magnitude of that output variable will be 
plotted. 


EXAMPLE: 


.PLOT NOISE INOISE ONOISE(DB) 

Based on the noise analysis, the magnitude of the equiva- 
lent input noise and the output noise, in dB, will be plotted 
versus frequency as specified by the .NOISE and .AC control 
lines. 


EXAMPLE: 


-PLOT DISTO HD2 SIM2 (0,0.1) DIM2 HD3(DB) 

Based on the distortion analysis, the magnitude of the 
second harmonic distortion, in addition to the (f1 + f2) and 
(f1 - £2) distortion components and third harmonic distortion 
(in dB), will be plotted versus frequency as specified by the 
-DISTO and .AC control lines. The scale for the first two 
plots will be from 0 to 0.1, the last two will be scaled auto- 
matically by SPICE. 


7.4. INTERPRETING SPICE OUTPUT INFORMATION 
7.4.1 Interpreting .PRINT Numerical Data 


The .PRINT control line creates tables of numerical informa- 
tion. Results are printed in scientific notation. For exam- 
ple, the number zero would appear in a table as .000E+00, 
where E indicates exponent of 10. So 7.345E+01 means 73.45, 
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and 1.286E-02 means 0.01286. Be careful when reading results 
to avoid errors that can be off by one or more orders of mag- 
nitude. It is not hard to mistakenly interpret a current of 
5.400E-7 A as 54 uA, when in fact it is 0.54 uA. 

The example in Section 7.4.3 will show the how to use the 
.PRINT control line to create a table of results. 


7.4.2 Interpreting .PLOT Numerical Data 


The .PLOT control line creates a graph of numerical informa- 
tion. The first variable listed in a .PLOT line also has its 
value printed in scientific notation, with D meaning exponent 
of 10. It would be redundant to have the following two 
control lines 


PRINT AC VM(8,3) 
PLOT AC VM(8,3) 


The .PRINT line will create a table with two columns: frequen- 
cy (as specified in the .AC control line) and magnitude of 
the voltage between nodes 8 and 3. The .PLOT line will cre- 
ate those same two columns as well as plotting VM(8,3) versus 
frequency. Thus, the same information could be obtained with 
the .PLOT line alone. 

When more than one variable is plotted, the .PLOT line 
will create only two columns. In this situation a .PRINT 
line could be used to print values of all data needed. 


7.4.3. Example of .PRINT and .PLOT 


The circuit in Fig. 7.1 shows a triangle voltage source con- 
nected to a resistor in series with an inductor. The trian- 
gle waveform is made by using an independent voltage source 
PULSE function, with the pulse width essentially zero. Fig- 
ure 7.2 shows the input file LR.CIR, with the rise time set 
to 0.5 ms, fall time of 0.5 ms, and pulse width of 1 ns 
(since SPICE gives erroneous results if zero is used). Chap- 
ter 12.4 shows how to make a triangle waveform with the piece- 
wise linear (PWL) source. 

The control lines in LR.CIR instruct SPICE to print and 
plot the results of the transient analysis over two periods 
of the input voltage (a period is 1 ms). The .PRINT line 
causes a table to be made of all possible voltages. The 
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[2] 


Figure 7.1 Series R-C Circuit with 
Triangle Input Voltage. 


first .PLOT control line has plot limits of 0 and 1 V for 
V(7). The second .PLOT line does not specify plot limits; 
SPICE will determine the scale automatically for V(9). The 
third .PLOT line will graph both parameters, and SPICE will 
determine the scale automatically for each plot. 

Figure 7.3 is the output file LR.OUT, which contains a 
table and three graphs. The table has four columns: time, 
and the three voltages specified. The first graph shows the 
triangle voltage, V(7), starting at 0 V at 0 ms, rising to 1] 
V at 500 us and falling back to 0 V at 1 ms. The triangle is 
repeated from 1 ms to 2 ms. Notice that the magnitude of 
V(7) is printed next to each time value along the time axis 
of the graph. 

The second graph shows the voltage across the inductor, 
V(9). SPICE has scaled the voltage axis with good results. 
The third graph shows both V(9) and V(7), for which the plot 
symbols are asterisks (*) and plus signs (+) respectively. 


LR.CIR TRIANGLE WAVEFORM MADE WITH PULSE FUNCTION, L-R HP FILTER 
VIN 7 @ PULSE(@ 1 8 SM «SM IN 1M) 
. ee ABOVE IS A 1 VPP TRIANGLE AT 1KHZ 


L 5 @ 159M 

»TRAN SU 2M 

«PRINT TRAN V(7) ¥(9) (7,9) 
«PLOT TRAN V(7) (8,1) 

+PLOT TRAN V(9) 

«PLOT TRAN V(9) V(7) 

OPTIONS NOPAGE 

«END 


Figure 7.2 Input File LR.CIR. 
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Chap. 7 


daeBHHHHEL 1 /22/8734HHHHH Demo PSpice (May 1986) saHH21: 27: 49sHHHeE 


LR.CIR TRIANGLE WAVEFORM MADE WITH PULSE FUNCTION, L-R HP FILTER 


at CIRCUIT DESCRIPTION 


JHE SHEE EE EET EEE EE EE EE EEE AAA 


VIN 7 9 PULSE(@ { 9 .SM .SM IN 1M) 
* a ABOVE IS A 1 VPP TRIANGLE AT 1KHZ 


4 
L 9 9 159M 
«TRAN SU 2M 
«PRINT TRAN V(7) V(9) V{7,9) 
+PLOT TRAN V{7) (8,1) 
«PLOT TRAN V(9) 
«PLOT TRAN V(9) ¥(7) 
OPTIONS NOPAGE 


ee INITIAL TRANSIENT SOLUTION 
NODE VOLTAGE NODE VOLTAGE 


{ 7) 9G CD) «8899 


TEMPERATURE = 27.968 DEG C 


Figure 7.3 Output File LR.OUT. 
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HERE TRANSIENT ANALYSIS 


TIME 


 GOGE+8G 
5. BOGE-B5 


2 GO9E-B3 


V(7) 


» 909E+99 
1, @agE-f1 
2. 999E-91 
3. SOGE-G1 
4, 900E-81 
5. SOGE-B1 
6. SOGE-G1 
7. G0GE-1 
8, 90GE~91 
9, S99E-91 
1. @OGE+80 
9, GOGE-G1 
8, 9G9E-Gi 
7, @8GE-@1 


4, 909-06 


Vi?) 


+ GOGE+99 
7. 257E-@2 
1. 1346-81 
1, 356E-8i 
1, 464E-G1 
1. 5256-81 
1, 355-91 


1. 5876-81 
1.299E-92 
-b. 749E-92 
-1. 199E-@1 
-1,343E-81 
-1, 4586-91 
-1,529E-@1 
-1, S53E-@1 
~L.S71E-81 
-1.58GE-91 
~1, 5856-81 
~1, 289E-92 
7. 9296-2 
i, L12E-91 
1. 334€-@1 
ASTE-G1 
suect-Gt 
rode BL 
+u/ 1E-@i 
»sOGE-G1 
sJguE-@1 
1. 2B5E-@2 
-4.747E-92 
-1i, LigE-a1 
-1,343€-d1 
-1. 4596-81 
-1, 529E-@1 
-1,555E-41 
-L.S71E-@1 
-1, SQGE-a1 
-] ® SB5E-81 


fe ee ene tee am bob 


TEMPERATURE = 
V7.9) 


» OGGE+G9 
2. /A3E-92 


1. 1296-01 
1. 298E-@1 
1. 888E-21 
2,664E-G1 
i, et 


b 


1.585E-@1 


Figure 7.3 (Continued). 
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aH TRANSIENT ANALYSIS TEMPERATURE = 27,9088 DEG C 


TIME 


» 2900+98 
5. 8990-5 
1, O8D-24 
1, 5090-94 
2, 0000-84 
2, 08D -84 
3. #9GD-24 
3. 5900-94 
4, 998D-24 
4. 380D-84 
5, 890-84 
5. 3880-04 
6, @a@D-4 
6, 3860-84 
7, 098D-94 
7. 50@D-84 
B. 9890-94 
8. 5990-04 


- 9,900D-94 2 


9, 5GgD-84 
1, GGGD-23 
1. 9500-83 
1. 1860-23 
1, 1580-83 
1, 200D-83 
1. 256D-83 
1, 384D-93 
1, 3590-83 
1, 4090-93 
1.458D-83 
1, 58@D-93 
{.559D-83 
1, 6800-23 
1.458D-83 
1, 7880-93 
1, 7580-83 
1, 8980-83 
1 . 8590-83 
1, 988D-93 
1. 9590-83 
2. 996D-83 


Vi7) 


6090499 = 2.5G8D-1 0 5. 909D-91 = 7.588D-91 = 1. BORD +09 


» 9G0D+99 


1, 809D-@1 . 
2. 9880-91. 
3.998D-91 . 
4. 900D-G1 . 
o.80@D-91 . 
6. 9980-91 . 


t : i : 
# : ' 
* : : 
* . ' 
to oy : 
* : 
. * . 
# . 
: ¥ ' 
: . et  . 
' : € 
: : t  , 
‘ » # 
a 2 t s 
a * . ’ 
2 ¥ e 2 
' . * . s ' 
a . + ® s s 
s # . s . s 
a ¥ s . s 
+ ’ . . s 
. * a a . 
# t . ® 2 
» # . ' 
fo, ' 
t : 
‘ * * 
t . 
* ' 
t  . 
+ 
' *  . 
: t 
‘ % 
. * ' 
' € ‘ ‘ 
: et , ‘ 
' * . ' 
' * : 
: * 
# 


Figure 7.3 (Continued). 
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JHE TRANSIENT ANALYSIS TEMPERATURE = 27.868 DEG C 
TIME vq) 
-2,.990D-G1  -1. 9800-91 9990465 = 1.900D-91 = 2. 680-91 

B99D+8G =. GGGD+0G . ‘ * ‘ : 
5.98@0-95 7.2570-92 . . . * , : 
1.968D-24 1.134D-81 . . ‘ _# : 
1,590D-94 1, 3540-01 . : : a & : 
2,9000-94 1,464D-1 . . ’ ‘ * . 
2.009D-84 1.523D-91 . . : : t : 
3.6990-84 1.595D-@1 . , ‘ : t . 


3.599D-84 1.572D-01 , . . 
4,9900-94 1.580D-01 . ' ‘ . ' 
4.50@0-94 1.585D-91 ‘ ‘ : 
3. 998D-94 1. 587D-81 


. 
-_ 


=e 
. 
ae oe 


6. 5000-84 -1.199D-G1 ¥, . . . 
7, 0000-94 -1. 3430-91 
7. 500-94 -1.458D-81 
8. 9990-84 -1, 5260-81 
8. 5000-94 -1. 5530-81 
9. 9990-94 -1,5710-@1 
9.508D-84 -1. 5880-91 
1.900D-83 -1.505D-91 
1,959D-93 -1.289D-82 
1.198D-93 7,929D-82 
{,150D-83 1.112D-91 . ; . At 
1.299D-83 1, 336D-#1 . : : » # ' 
1.250D-@3 1.457D-81 . ' : : * ' 
1. 30@D-03 1,522D-81 . : . ‘ 
1, 3500-83 1.5535D-91 . . . : 
1.4980-03 {.5/71D-#1. ' : ‘ 
1.450D-@3 1.58@D-#1 . . : . % 
1.5000-@3 1.585D-81 . . : 
1.50@D-83 1. 280D-82 . : .# 
1, 60@D-93 -6. 7470-82 . » # . : : 
1, 6580-83 -i.11@D-@1 . % : . : 
1, 70@D-93 -1. 342D-91 : . : : 
1. 7580-83 -1.459D-@1 . t 

1. 8880-83 -1.520D-@1 . ¥ 

1,859D-93 -1.553D-81 


= © «= = @ = ew ee ew ewe 
-_ 
se © © ws we ew aw 


so 8 « = ee we 
ae oe ok 


* 


* 


* 
. 


1,900D-93 -1.571D-1. + : : : 
1.95@0-93 -1.5000-G1 + ; ; : 
2. 9900-3 -1.5850-01) + ; : : 


Figure 7.3 (Continued). 


92 


Formatting SPICE Output: Printing Tables and Graphs Chap. 


EE TRANSIENT ANALYSIS 


TEMPERATURE = 


9880+ 08 


LEGEND: 
#: (9) 
+: V(7) 
TIME V9) 

{#) ------------ -2,999D-91 = -1. 08@D-91 
yee -5, #09D-81 GG9D+89 
 FOID+E8 ad +88 : + 
5.8890-85 7.257D-82 . » + 

1, 6480-94 i: a G1. . 


1,5090-94 1, 356D-81 . 

2. d8GD-G4 t 4b40-@1 
2.508D-84  1.525D-81 . 
3, 908D-84 1,555D-81 . 
3,59990-94 1.572D-@1 . 
4,00GD-84 1,588D-91 . 
4,5990-84 1.585D-91 . 
5,990D-04 1.587D-21 . 
5.000D-94 = 1.299D-82 . 


6. 6900-4 -6. 7480-92 . i # 
6, 5900-4 -1.199D-@1 . 4, 
7, 9000-94 -1. 430-81 . ' , 
7,.5000-04 -1.459D-@1 . # : 


8, $80D-84 -1, 5280-91 
8,500D-84 -1.555D-81 . * 
9, G98D-84 -1,571D-81 
9, 5000-84 -1. 5880-81 
1. G99D-83 -1, 585D-91 
1, 9590-93 -1.289D-82 
1.199D-83 7.820D-82 . 
1.159D-93 1.112D-@1 . 
1. 2090-83 1. 336D-#1 . 
1,2500-83 1.457D-41 . 
1.38@D-83  1.522D-81 . 
1. 3500-83 1.553D-81 . 


. 
* 


eo 2 we ow 
ae 
. 
+ 


1.659D-@3 -1. 1180-81 . *, 
1, 788D-93 “1. 3430-81 : 
1.759D-@3 -i.459D-@1 . # ‘ 
1, 806D-93 -1.528D-91 . t . 
1.8500-93 -1.555D-91 . % 
1, 7OD-83 -1.571D-81 . * 


* 


27,908 DEG C 
1.9990-1 2, 990D-91 
1.960D+8@ = 1. 500D+89 
t ; 

* . 


1.95@D-93 -1.580D-91. +* 24 
2,0000-93 -1.585D-81. * x 
JOB CONCLUDED 
TOTAL JOB TIME 19.50 


Figure 7.3 (Continued). 
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Notice that only the magnitude of V(9) is printed along the 
time axis. Each variable has its own voltage axis scale. Al- 
so, the automatic voltage axis scaling of V(7) results in a 
compressed plot which is not as useful as the plot of V(7) in 
the first graph. This could be improved by changing the 
third .PLOT line in Fig. 7.2 to 


-PLOT TRAN V(9) (-0.2, 0.2) V(7) (0,1) 


Recall that plot limits affect all output variables to the 
left of the plot limit specification, unless different plot 
limits were specified. Thus, if (-0.2, 0.2) was not present, 
both V(9) and V(7) would use the (0,1) plot limit. This 
would chop off the bottom part of the V(9) waveform. 


7.4.4 Obtaining Higher-Quality Graphs 


As we can see from Fig. 7.3, graphs done on a line printer us- 
ing standard symbols leave something to be desired. The 
graph in Fig. 7.4 certainly is easier to interpret and more 


LRAPROBE.CIR TRIANGLE WAVEFORM MADE WITH PULSE FUNCTION, L-R HP FILTER 
Date/Time run: 11/18/87 16: 42: 12 Temperature: 27.0 


1.0V+ 





0.8V 


0.6V 


0.4V 


0.2V 


To ooo eof e 72-2 p+ -- == ------- ~~~ 





pon nnn eh nnn penn pon nee enn nat 


Oms 
oV(7) #V(9) 


Time 
Figure 7.4 Graph of Source Voltage and Inductor 
Voltage Done with Graphics Post-Processor. 
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like publication-quality graphics; the standard SPICE program 
cannot directly produce this kind of graph. Figure 7.4 was 
made with a graphics post-processor program. Several suppli- 
ers of SPICE versions for personal computers offer graphics 
post-processors that produce fine-quality graphical output. 

The particular graphics post-processor used was PROBE (by 
Microsim Corporation), which can be purchased for use with 
PSPICE. In addition to the professional-looking graphs that 
result, PROBE can perform mathematical operations on output 
variables and graph the results. For example, one could mult- 
iply the resistor voltage by itself, and divide the product 
by the value of the resistance. The resulting graph would be 
resistor power (V*V/R) versus time. This is shown in Fig. 
7.5. 

Some of the graphs produced by SPICE in this book are not 
easily interpreted as _ printed. For this reason, the plot 
points were connected by hand using drafting instruments to 
enhance the readability of the graphs. 


LAPROBE.CIA TRIANGLE WAVEFORM MADE WITH PULSE FUNCTION, L-A HP FILTER 
Date/Time run: 14/48/87 16: 12: 42 Temperature: 27.0 
400u +------------------ ere nnnnan nena anno + 






300u 


200u 


100u 


O panna ne pn nnn nn penn enn pen enn ccc 


° 
Oe 


Ss 0.5ms 
V (7, 9) ¥V (7, 9) /2E3 


Figure 7.5 Graph of Resistor Power Done 
with Graphics Post-Processor. 


Chap. 7 Formatting SPICE Output: Printing Tables and Graphs 95 


CHAPTER SUMMARY 


Results of DC, AC, transient, distortion and noise analyses 
can be printed in tabular format and/or plotted by SPICE. 


Complex AC analysis results can be expressed in two ways: 
polar (VM and VP) and rectangular (VR and VI). Also the 
decibel expression of a voltage or current magnitude can be 
computed by SPICE. 


Graphs will be scaled automatically by SPICE. The scaling 
can be user-specified by use of optional plot limits. 


While the graphs produced by SPICE are very useful, graphics 
post-processors are available from several suppliers of SPICE 
versions for PCs which produce professional-looking results. 


Chapter 8 


SEMICONDUCTORS IN SPICE 





8.1 INTRODUCTION 


SPICE has built-in models for four semiconductor devices: di- 
odes, bipolar junction transistors (BJTs), field-effect tran- 
sistors (FETs) and metal-oxide semiconductor field-effect 
transistors (MOSFETs). These internal models are typical of 
such devices when created on an integrated circuit. Each 
type has a large number of parameters, and SPICE has specific 
default values for each parameter. For example, the SPICE 
model for a BJT has 40 parameters including forward beta (DC 
current gain), reverse beta (current gain when you inter- 
change collector and emitter), emitter resistance, and a num- 
ber of others little known to most people who practice elec- 
tronics. The default value (the value SPICE assigns to the 
parameter unless you specify otherwise) for forward beta is 
100, while reverse beta defaults to 1. 

In this chapter the element lines for the four kinds of 
semiconductor devices known by SPICE will be presented, along 
with the MODEL control line which must be used whenever a 
semiconductor element line is included in the input file. 
Before you become overwhelmed with the prospect of modeling a 
circuit with semiconductors, rest assured that most of the 
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time you need not deal with the vast majority of the myriad 
parameters. The only data needed to specify each semiconduc- 
tor are a single element line and a single, short MODEL line 
which specifies only those few parameters which you feel are 
important. In fact, any number of element lines for the same 
kind of semiconductor device (e.g, an NPN BJT transistor) 
can "share" the same single MODEL line. 


8.2 DESCRIBING DIODES TO SPICE 
8.2.1 Diode Element Line 


The general form for an element line for a junction diode is 
DXXXXXX N+ N- MODNAME <AREA> <OFF> <IC=VD> 


where DXXXXXX is the name of the diode, N+ is the node to 
which the anode is connected, N- is the node to which the 
cathode is connected and MODNAME is the model name which is 
used in an associated .MODEL control line. All of these are 
required in the diode element line. The optional parameters 
are: 


AREA - the area factor which determines how many of the 
diode model MODNAME are put in parallel to make one 
DXXXXXX. The area parameter will affect IS, RS, CJO and 
IBV in the model of the diode (see Section 8.2.3). If 
not specified, area defaults to 1. 


OFF - an initial condition of DXXXXXX for the DC 
analysis. 


IC=VD - causes SPICE to use VD as the initial condition 
for diode voltage instead of the quiescent operating 
point diode voltage when a transient analysis is done. 


8.2.2 Diode Model Line 
The general form for a MODEL line for a junction diode is 
-MODEL MODNAME D<(PARI=PVALI PAR2=PVAL2 ... )> 


where MODNAME is the model name given to a diode in an ele- 
ment line, and D tells SPICE that the semiconductor being mod- 
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eled is a diode and not a BJT, FET or MOSFET. PAR is the pa- 
rameter name, which can be any of those in the parameter list 
in Section 8.2.3, and PVAL is the value of that parameter. 
Note that the PAR and PVAL parts of the .MODEL line are op- 
tional; the minimum specification of a diode is simply the 
letter D. 


EXAMPLE: 


DRECTIFY 7 15 HIPOWER 

MODEL HIPOWER D(RS = 0.5 BV = 400 IBV = 50M) 

The diode named DRECTIFY has its anode at node 7 and its 
cathode at node 15. Its model name is HIPOWER. The model 
named HIPOWER includes 0.5 ohm of ohmic resistance, a reverse 
breakdown voltage of 400 V, and a current at reverse 
breakdown of 50 mA. 


EXAMPLE: 


DBIGIO 9 4 DHEFTY 

DBIG20 5 9 DHEFTY 2.5 

MODEL DHEFTY D(IS = 2E-14 BV = 8E2 IBV = 0.1) 

Two diodes are described in these three lines. The anode 
of DBIGIO and the cathode of DBIG20 are connected to node 9. 
Both use the single DHEFTY model line. DHEFTY has a satura- 
tion current of 0.02 pA, a reverse breakdown voltage of 800 
volts, and a current at reverse breakdown of 100 mA. How- 
ever, the diodes are not the same, even though both use the 
DHEFTY model. Before you give up in confusion, notice the 
DBIG20 element line which has the number 2.5 in it. 2.5 is 
the area factor of DBIG20. This means that the physical area 
of diode DBIG20 will be 2.5 times the area of the DHEFTY 
diode, and the IS, RS, CJO, and IBV parameters of diode 
DBIG20 will be different from the IS, RS, CJO and IBV 
parameters of diode DBIGIO. 


EXAMPLE: 


DREF 1 6 TYPEI17 

‘MODEL TYPE17 D(BV = 6.2 IBV = 10M) 

The diode named DREF has its anode at node | and its cath- 
ode at node 6. It appears to be a Zener diode, due to its 
low reverse breakdown voltage of 6.2 V. 
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8.2.3 Diode Model Parameters 


# Name Parameter Units Default Example Area 
1 IS saturation current A 1.0E-14 2.0E-14 * 
2 RS ohmic resistance Ohm 0 6 * 
3 N emission coefficient - 1 0.9 
4 TT transit-time sec 0 0.3Ns 
5 CJO zero-bias junction F 0 1.5PF * 
capacitance 
6 VJ junction potential Vv 1 0.8 
7 OM | grading coefficient - 0.5 0.6 
8 EG activation energy eV 1.11 1.11 Si 
0.69 Sbd 
0.67 Ge 
9 XTI saturation-current - 3.0 3.0 jn 
temp. exp 2.0 Sbd 
10 KF flicker noise - 0 
coefficient 
11 AF flicker noise - 1 
exponent 
12 FC coefficient for - 0.5 
forward-bias 
depletion capacitance 
formula 
13. BV_ reverse breakdown V infinite 200 
voltage 
14 IBV current at breakdown A 1.0E-3 * 
voltage 


In the table above, "Sbd" stands for Schottky barrier diode, 
"Si" means silicon, "Ge" represents germanium, and "jn" 
indicates junction. 

Notice that if no parameters are specified in the MODEL 
MODNAME D model line, then ohmic resistance (RS), transit 
time (TT), flicker noise coefficient (KF) and zero-bias junc- 
tion capacitance (CJO) all default to zero. Also, the de- 
fault value of the reverse breakdown voltage (BV) is infin- 
ity. If BV or IBV are specified in the diode model line, 


positive values should be used. 
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8.3. DESCRIBING BIPOLAR JUNCTION 
TRANSISTORS TO SPICE 


8.3.1 BJT Element Line 


The general form for an element line for a bipolar junction 
transistor is 


QXXXXXX NC NB NE <NS> MODNAME <AREA> <OFF> <IC=VBE,VCE> 


where QXXXXXX is the name of the transistor. NC, NB and NE 
are the nodes to which the collector, base and emitter are 
connected, respectively. MODNAME is the model name which is 
used in an associated .MODEL control line. All of these are 
required in the BJT element line. The optional parameters 
are 


NS - the node to which the substrate is connected; if 
omitted, NS defaults to node 0. 


AREA - the area factor which determines how many of the 
BJT model MODNAME are put in parallel to make one 
QXXXXXX. 


OFF - an initial condition of QXXXXXX for the DC 
analysis. 


IC=VBE,VCE - a specification of initial conditions, for 
use with the UIC option of the .TRAN control line. This 
causes SPICE to use VBE and VCE as the initial conditions 
for base-emitter and collector-emitter voltages, instead 
of the quiescent operating point junction voltages when a 
transient analysis is done. 


8.3.2 BJT Model Line 


The general forms for model lines for bipolar junction 
transistors are 


MODEL MODNAME NPN<(PARI=PVALI PAR2=PVAL2 ... )> 
MODEL MODNAME PNP<(PARI=PVALI PAR2=PVAL2 ... )> 


where MODNAME is the model name given to a BJT in an element 
line, and NPN or PNP tells SPICE that the semiconductor being 
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modeled is an NPN or PNP BJT and not a diode, FET or MOSFET. 
PAR is the parameter name, which can be any of those in the 
parameter list in Section 8.3.3, and PVAL is the value of 
that parameter. Note that the PAR and PVAL parts of the 
-MODEL line are optional; the minimum specification of a BJT 
is simply NPN or PNP. 

There are 40 parameters that can be specified in the 
-MODEL control line for a BJT. The model is adapted from the 
integral charge control model of Gummel and Poon. If certain 
parameters are not specified, the model will become the simp- 
ler Ebers-Moll model. 


EXAMPLE: 


QBUFFER 4 10 5 SMALLSIG 

-MODEL SMALLSIG NPN(BF = 140) 

Bipolar junction transistor QBUFFER has its collector at 
node 4, its base at node 10 and its emitter at node 5. The 
substrate of QBUFFER, by default, is node 0. This is an NPN 
transistor with all the default parameters listed in Section 
8.3.3, except that its forward beta is set to 140. 


EXAMPLE: 
QTOP 3 8 9 HIPOWER 8 
QMID 1 2 4 HIPOWER 


QBOTTOM 6 7 9 HIPOWER 8 

MODEL HIPOWER NPN(BF = 50) 

Bipolar junction transistors QTOP and QBOTTOM have area 
factors of 8, which means their physical areas will be 8 
times the area of QMID. All parameters in Section 8.3.3 with 
an asterisk (*) in the area column will be affected by the 
area factor. By default, QMID has an area factor of 1. 

All three NPN BJTs have a forward beta of 50. Note that 
only one .MODEL line is needed for these three transistors. 
Any number of transistors that have the same MODNAME can use 
the same .MODEL line. 


EXAMPLE: 


QINPUT 101112 MODI5 

MODEL MODI5 PNP 

BJT QINPUT has its collector, base and emitter connected 
to nodes 10, 11 and 12, respectively. It is a PNP type, with 
all the default parameters listed in Section 8.3.3. 
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8.3.3 BJT Model Parameters 


Modified Gummel-Poon BJT Parameters 


BJT Parameters 


# Name Parameter Unit Default Example Area 
1 Is transport saturation current A 1.0E-16 1.0E-15 * 
2 BF ideal maximum forward beta - 100 100 
3 NF forward current emission coefficient - 1.0 1 
4 VAF forward Early voltage Vv infinite 200 
5 IKF corner for forward beta 

high current roll-off A infinite 0.01 - 
6 ISE B-E leakage saturation current A 01.0E-13 * 
7 NE B-E leakage emission coefficient - 1.5 2 
8 BR ideal maximum reverse beta - 1 0.1 
9 NR reverse current emission coefficient - 1 1 
10 VAR reverse Early voltage Vv infinite 200 
11 IKR_ corner for reverse beta 

high current roll-off A infinite 0.01 * 
12 Isc B-C leakage saturation current A 0 1.0E-13 * 
13° NC B-C leakage emission coefficient - 21.5 
14 RB zero bias base resistance Ohms 0 100 * 
15 IRB current where base resistance 

falls halfway to its min value A infinite 0.1 7 
16 RBM _ minimum base resistance 

at high currents Ohms RB 10 < 
17. RE emitter resistance Ohms 0 1 : 
18 RC collector resistance Ohms 0 10 * 
19 CJE  B-E zero-bias depletion capacitance F 0 2PF : 
20 VJE_ B-E built-in potential Vv 0.75 0.6 
21 MJE_ B-E junction exponential factor - 0.33 0.33 
22 TF ideal forward transit time sec 0 0.1Ns 
23 XTF coefficient for bias dependence of TF - 0 
24 \VTF_ voltage describing VBC 

dependence of TF Vv infinite 
25 ITF  high-current parameter 

for effect on TF A 0 ™ 
26 PTF excess phase at freq=1.0/(TF*2PI) Hz deg 0 
27. CJC  B-C zero-bias depletion capacitance F 0 2PF * 
28 VJC_ B-C built-in potential Vv 0.75 0.5 
29 MJC_ B-C junction exponential factor - 0.33 0.5 
30 XCJC fraction of B-C depletion capacitance - 1 

connected to internal base node 
31 TR ideal reverse transit time sec 0 10Ns 
32 CJS  sero-bias collector-substrate 

capacitance F 0 2PF a 
33 VJS substrate junction built-in potential Vv 0.75 
34 MJS _ substrate junction exponential factor - 0 0.5 
35 XTB_ forward and reverse beta 

temperature exponent - 0 
36 EG energy gap for temperature 

effect on IS eV 1.11 
37 XTI temperature exponent for effect on IS - 3 
38 KF flicker-noise coefficient - 0 
39 «6AF flicker-noise exponent - 1 


40 FC coefficient for forward-bias 
depletion capacitance formula - 0.5 


Chap 8. Semiconductors in SPICE 103 


The de model is defined by the parameters IS, BF, NF, ISE, 
IKF, and NE which determine the forward current gain charac- 
teristics, IS, BR, NR, ISC, IKR and NC which determine the 
reverse current gain characteristics, and VAF and VAR which 
determine the output conductance for forward and reverse re- 
gions. Three ohmic resistances RB, RC and RE are included, 
where RB can be high current dependent. Base charge storage 
is modeled by forward and reverse transit times TF and TR, 
the forward transit time TF being bias dependent if desired, 
and nonlinear depletion layer capacitances which are deter- 
mined by CJE, VJE and MJE for the B-E junction, CJC, VJC and 
MJC for the B-C junction and CJS, VJS and MJS for the C-S 
(Collector-Substrate) junction. The temperature dependence 
of the saturation current, IS, is determined by the energy 
gap, EG, and the saturation current temperature exponent, 
XTI. Additionally base current temperature dependence is 
modeled by the beta temperature exponent XTB in the model. 


8.4 DESCRIBING JUNCTION FIELD-EFFECT 
TRANSISTORS TO SPICE 


8.4.1 JFET Element Line 


The general form for an element line for a junction field- 
effect transistor is 


JXXXXXX ND NG NS MODNAME <AREA> <OFF> <IC=VDS,VGS> 


where JXXXXXX is the name of the transistor. ND, NG and NS 
are the nodes to which the drain, gate and source are connect- 
ed, respectively. MODNAME is the model name which is used in 
an associated .MODEL control line. All of these are required 
in the JFET element line. The optional parameters are 


AREA - the area factor which determines how many of the 
JFET model MODNAME are put in parallel to make one 


JXXXXXX. 

OFF - an initial condition of JXXXXXX for the DC 
analysis. 

IC=VDS,VGS - a specification of initial conditions, for 


use with the UIC option of the .TRAN control line. This 
causes SPICE to use VDS and VGS as the initial conditions 
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for drain-source and gate-source voltages instead of the 
quiescent operating point junction voltages when a tran- 
sient analysis is done. 


8.4.2. JFET Model Line 


The general forms for model lines for junction field-effect 
transistors are 


MODEL MODNAME NJF<(PARI=PVALI1 PAR2=PVAL2 ... )> 
MODEL MODNAME PJF<(PARI=PVALI PAR2=PVAL2 ... )> 


where MODNAME is the model name given to a JFET in an element 
line, and NJF or PJF tells SPICE that the semiconductor being 
modeled is an N-channel or P-channel JFET and not a diode, 
BJT or MOSFET. PAR is the parameter name, which can be any 
of those in the parameter list in Section 8.4.3, and PVAL is 
the value of that parameter. Note that the PAR and PVAL 
parts of the MODEL line are optional; the minimum specifica- 
tion of a JFET is simply NJF or PJF. 

There are 12 parameters that can be specified in the 
‘MODEL control line for a JFET. The model is derived from 
the FET model of Shichman and Hodges. 


EXAMPLE: 


JBUFFER 8 5 7 EASY 

MODEL EASY PJF 

JBUFFER has its drain, gate and source connected to nodes 
8, 5 and 7, respectively. It is a P-channel JFET, which has 
the 12 default parameters listed in Section 8.4.3. 


EXAMPLE: 
JTOP 3 8 9 JBIG 5 
JMID 1 2 4 JBIG 


JBOTTOM 6 7 9 JBIG 5 

MODEL JBIG NJF(VTO = -3.5) 

Junction field effect transistors JTOP and JBOTTOM have 
area factors of 5, which means their physical areas will be 5 
times the area of JMID. All parameters shown in Section 
8.4.3 with an asterisk (*) in the area column will be affect- 
ed by the area factor. By default, JMID has an area factor 
of 1. 
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All three N-channel JFETs have a threshold voltage of 
-3.5 V. Note that only one MODEL line is needed for these 
three transistors. Any number of transistors that have the 
same MODNAME can use the same .MODEL line. 


8.4.3 JFET Model Parameters 


JFET Parameters 


# Name Parameter Units Default Example Area 
1 VTO threshold voltage Vv -2.0 -2.0 
2 BETA transconductance parameter A/V**2 1.0E-4 1.0E-3 * 
3 LAMBDA channel length modulation 

parameter 1/V 0 1.0E-4 
4 RD drain ohmic resistance Ohm 0 100 - 
5 RS source ohmic resistance Ohm 0 100 = 
6 CGS zero-bias G-S junction capacitance F 0 5PF x 
7 CGD zero-bias G-D junction capacitance F 0 IPF * 
8 PB gate junction potential Vv 1 0.6 
9 IS gate junction saturation current A 1.0E-14 1.0E-14 * 
10 KF flicker noise coefficient - 0 
11 AF flicker noise exponent - 1 
12 FC coefficient for forward-bias - 0.5 


depletion capacitance formula 


The JFET model is derived from the FET model of Shichman and 
Hodges. The dc characteristics are defined by the parameters 
VTO and BETA, which determine the variation of drain current 
with gate voltage, LAMBDA, which determines the output con- 
ductance, and IS, the saturation current of the two gate junc- 
tions. Two ohmic resistances, RD and RS, are_ included. 
Charge storage is modeled by nonlinear depletion layer capaci- 
tances for both gate junctions which vary as the -1/2 power 
of junction voltage and are defined by the parameters CGS, 
CGD and PB. 


8.5 DESCRIBING MOS FIELD-EFFECT 
TRANSISTORS TO SPICE 


8.5.1 MOSFET Element Line 


The general form for an element line for a metal-oxide semi- 
conductor field-effect transistor is 


MXXXXXX ND NG NS NB MODNAME <L=VAL> <W=VAL> 
+ <AD=VAL> <AS=VAL> <PD=VAL> <PS=VAL> <NRD=VAL> 
+ <NRS=VAL> <OFF> <IC=VDS,VGS,VBS> 
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where MXXXXXX is the name of the MOSFET transistor. ND, NG, 
NS and NB are the nodes to which the drain, gate, source and 
bulk (or substrate) are connected, respectively. MODNAME is 
the model name which is used in an associated MODEL control 
line. All of these are required in the MOSFET element line. 
The optional parameters and their meanings are 


L length of the channel, in meters 
W width of the channel, in meters 
AD area of drain diffusion, in square meters 
AS area of source diffusion, in square meters 


If any of the above parameters are not specified, default val- 
ues are used. The user may specify the values to be used for 
these default parameters on the .OPTIONS control line (not to 
be confused with the .MODEL control line). The parameters on 
the .OPTIONS control line are DEFL for L, DEFW for W, DEFAD 
for AD, and DEFAS for AS. Use of defaults done this way sim- 
plifies the writing of the input file initially and  subse- 
quent file editing that would occur if device geometries are 
changed. See Appendix A.3 for the default values. 

The rest of the optional parameters and their meanings 
are: 


PD perimeter of drain junction, in meters 

PS perimeter of source junction, in meters 

NRD equivalent number of squares of drain diffusion 

NRS equivalent number of squares of source diffusion; 
NRD and NRS values multiply the sheet resistance RSH 
specified on the .MODEL line for an accurate 
representation of the parasitic series drain and 
source resistance of each _ transistor. PD and PS 
default to 0.0 while NRD and NRS default to 1.0 

OFF indicates an initial condition on the device for DC 

analysis 

sets the initial conditions for drain-source volt- 

age, gate-source voltage and substrate-source volt- 

age. This is intended to be used with the UIC op- 

tion of the .TRAN control line. This causes SPICE 

to use the VDS, VGS and VBS values instead of the 

quiescent operating point voltages when a _ transient 

analysis is done 


IC 


Wi 
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8.5.2 MOSFET Model Line 


The general forms for model lines for metal-oxide semiconduc- 
tor field-effect transistors are 


-MODEL MODNAME NMOS<(PARI=PVALI1 PAR2=PVAL2 ... )> 
‘MODEL MODNAME PMOS<(PARI=PVALI1 PAR2=PVAL2 ... )> 


where MODNAME is the model name given to a MOSFET in an 
element line, and NMOS or PMOS tells SPICE that the semi- 
conductor being modeled is an N-channel or P-channel MOSFET 
and not a diode, BJT or JFET. PAR is the parameter name, 
which can be any of those in the parameter list in Section 
8.5.3, and PVAL is the value of that parameter. Note that 
the PAR and PVAL parts of the MODEL line are optional; the 
minimum specification of a MOSFET is simply NMOS or PMOS. 

There are 42 parameters that can be specified in the 
-MODEL control line for a MOSFET. 


EXAMPLE: 


MBUFFER 8 5 7 0 SIMPLE 

‘MODEL SIMPLE NMOS 

Transistor MBUFFER has its drain, gate, source and sub- 
strate connected to nodes 8, 5, 7 and O respectively. It is 
an N-channel MOSFET, which has the 42 default parameters list- 
ed in Section 8.4.3. It also has geometry information which 
is either specified in the .OPTIONS control line or will de- 
fault to those values listed in the .OPTIONS section. Those 
default values are: DEFL = 100 microns, DEFW = 100 microns, 
DEFAD = 0 square meters and DEFAS = 0 square meters. 


EXAMPLE: 
MTOP 3 8 9 5 TYPEA 80U 
MMID 12 4 5 TYPEA 60U 
MBOTTOM 67 9 5 TYPEA 


MODEL TYPEA PMOS(KP = 2.5E-5) 

Metal-oxide semiconductor field-effect transistors MTOP 
and MMID have channel lengths of 80 and 60 microns, respec- 
tively. MBOTTOM uses the default value in the .OPTIONS 
control line. 

All three P-Channel MOSFETs have a transconductance para- 
meter of 25 microamp/(volt squared). Note that only one 
MODEL line is needed for these three transistors. Any num- 
ber of transistors that have the same MODNAME can use the 
same .MODEL line. 


8.5.3 MOSFET Model Parameters 


MOSFET Parameters 


# Name Parameter Units Default Example 
1 LEVEL model index - i 
2 VTO zero-bias threshold voltage v 0.0 1.0 
3 KP transconductance parameter A/V**2 2.0E-5 3.1E-5 
4 GAMMA bulk threshold parameter v**0.5 0.0 0.37 
5 PHI surface potential Vv 0.6 0.65 
6 LAMBDA channel-length modulation 
(MOS1 and MOS2 only) 1/V 0.0 0.02 
7 RD drain ohmic resistance Ohm 0.0 1.0 
8 RS source ohmic resistance Ohm 0.0 1.0 
9 CBD zero-bias B-D junction capacitance F 0.0 20FF 
10 CBS gero-bias B-S junction capacitance F 0.0 20FF 
11 ‘IS bulk junction saturation current A 1.0E-14 1.0E-15 
12 PB bulk junction potential v 0.8 0.87 
18 CGSO gate-source overlap capacitance 
per meter channel width F/m 0.0 4.0E-11 
14 CGDO gate-drain overlap capacitance 
per meter channel width F/m 0.0 4.0E-11 
15 CGBO gate-bulk overlap capacitance 
per meter channel length F/m 0.0 2.0E-10 
16 RSH drain and source diffusion 
sheet resisitance Ohm/sq. 0.0 10.0 
17 CJ sero-bias bulk junction bottom cap. 
per sq-meter of junction area F/m**2 0.0 2.0E-4 
18 MJ bulk junction bottom grading coef. - 0.5 0.5 
19 CJSW sero-bias bulk junction sidewall cap. 
per meter of junction perimeter F/m 0.0 1.0E-9 
20 MJSW bulk junction sidewall grading coef. - 0.8 3 
21 ~#JS bulk junction saturation current 
per sq-meter of junction area A/m**2 — 1.0E-8 
22 TOX oxide thickness meter 1.0E-7 1.0E-7 
23 NSUB substrate doping 1/em**3 0.0 4.0E15 
24 NSS surface state density 1/em**2 0.0 1.0E10 
25 NFS fast surface state density 1f/em**2 0.0 1.0£10 
26 TPG type of gate material: - 1.0 
+1 opp. to substrate 
-1 same as substrate 
O Al gate 
27 XJ metallurgical junction depth meter 0.0 1U 
28 LD lateral diffusion meter 0.0 0.8U 
29 UO surface mobility em**2/V-s 600 700 
30 UCRIT critical field for mobility 
degradation (MOS2 only) V/em 1.0E4 1.0E4 
$1 UEXP critical field exponent in 
mobility degradation (MOS2 only) - 0.0 0.1 
32 UTRA transverse field coef (mobility) 
(deleted for MOS2) - 0.0 0.3 
388 VMAX maximum drift velocity of carriers m/s 0.0 5.0E4 
384 NEFF total channel charge (fixed and 
mobile) coefficient (MOS2 only) - 1.0 5.0 
85 XQC thin-oxide capacitance model flag 
and coefficient of channel charge 
share attributed to drain (0-0.5) - 1.0 0.4 
36 KF flicker noise coefficient - 0.0 1.0E-26 
387 AF flicker noise exponent - 1.0 1.2 
38 FC coefficient for forward-bias 
depletion capacitance formula - 0.5 


389 DELTA width effect on threshold voltage 


(MOS2 and MOS3) - 0.0 1.0 
40 THETA mobility modulation (MOS3 only) 1/V 0.0 0.1 
41 ETA static feedback (MOSS only) - 0.0 1.0 
42 KAPPA saturation field factor (MOS3 only) - 0.2 0.5 
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SPICE provides three MOSFET device models which differ in the 
formulation of the I-V_ characteristic. The variable LEVEL 
specifies the model to be used 


LEVEL=1 -> Shichman-Hodges 
LEVEL=2 -> MOS2 (as described in [1]) 
LEVEL=3 -> MOS3, a semi-empirical model(see [1]) 


The dc characteristics of the MOSFET are defined by the de- 
vice parameters VTO, KP, LAMBDA, PHI and GAMMA. These para- 
meters are computed by SPICE if process parameters (NSUB, 
TOX, .. .) are given, but user-specified values always over- 
ride. VTO is positive (negative) for enhancement mode and 
negative (positive) for depletion mode N-channel (P-channel) 
devices. Charge storage is modeled by three constant capaci- 
tors, CGSO, CGDO, and CGBO which represent overlap capaci- 
tances, by the nonlinear thin-oxide capacitance which is dis- 
tributed among the gate, source, drain, and bulk regions, and 
by the nonlinear depletion-layer capacitances for both sub- 
strate junctions divided into bottom and _ periphery, which 
vary as the MJ and MJSW power of junction voltage respective- 
ly, and are determined by the parameters CBD, CBS, CJ, CJSW, 
MJ, MJSW and PB. There are two built-in models of the charge 
storage effects associated with the thin-oxide. The default 
is the piece-wise linear voltage-dependent capacitance model 
proposed by Meyer. The second choice is the charge-con- 
trolled capacitance model of Ward and Dutton [1]. The XQC 
model parameter acts as a flag and a coefficient at the same 
time. As the former it causes the program to use Meyer’s 
model whenever larger than 0.5 or not specified, and the 
charge-controlled model when between 0 and 0.5. In the 
latter case its value defines the share of the channel charge 
associated with the drain terminal in the saturation. region. 
The thin-oxide charge storage effects are treated slightly 
differently for the LEVEL=1 model. These voltage-dependent 
capacitances are included only if TOX is specified in the in- 
put description, and they are represented using Meyer’s formu- 
lation. 

There is some overlap among the parameters describing the 
junctions, e.g. the reverse current can be input either as IS 
(in A) or as JS (in A/m**2). Whereas the first is an abso- 
lute value the second is multiplied by AD and AS to give the 
reverse current of the drain and source junctions respective- 
ly. This methodology has been chosen since there is no sense 
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in always relating junction characteristics with AD and AS en- 
tered on the device card; the areas can be defaulted. The 
same idea also applies to the zero-bias junction capacitances 
CBD and CBS (in F) on the one hand, and CJ (in F/m**2) on the 
other. The parasitic drain and source series resistance can 
be expressed as either RD and RS (in ohms) or RSH (in ohms 
per sq.), the latter being multiplied by the number of 
squares NRD and NRS input on the device card. 


[1] A. Viladimirescu and S. Liu, "The Simulation of MOS 
Integrated Circuits Using SPICE2," ERL Memo No. ERL M80/7, 
Electronics Research Laboratory, University of California, 
Berkeley, Oct. 1980. 


CHAPTER SUMMARY 


SPICE has built-in models for four kinds of semiconductors: 
junction diode, bipolar junction transistor, junction field- 
effect transistor and MOS field-effect transistor. 


In order to describe a semiconductor in an input file, both 
an element line and a MODEL line are needed. However, many 
devices of the same type with identical parameters (e.g. NPN 
BJT with BF = 125) can use the same .MODEL line. 


For many circuit simulations only a few key parameters need 
to be specified in the MODEL line to SPICE. The default pa- 
rameters give excellent results in a large proportion of anal- 
yses. 


Chapter 9 


SUBCIRCUITS 





9.1 THE NEED FOR SUBCIRCUITS 
IN SPICE INPUT FILES 


Many circuits are made with basic electronic building blocks 
such as operational amplifiers, logic gates and comparators. 
For example, an active filter might contain six identical 
op-amps. One way to write an input file for such an active 
filter for SPICE analysis would be to describe the op-amp six 
times. If it took 10 element lines to describe the op-amp, 
then for the active filter 60 element lines would be needed 
just for the op-amps. In addition to 60 element lines for 
op-amps, additional element lines would be needed for 
resistors and capacitors external to the op-amps. Using this 
approach is tedious work; fortunately, SPICE permits us _ to 
define an often-used circuit block only once in each input 
file. Then that circuit block can be used many times by 
writing a single element line each time the circuit block is 
used. SPICE calls such circuit blocks subcircuits. 
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9.2 HOW TO USE SUBCIRCUITS 
9.2.1 Control Lines Used For Subcircuit Definition 


In order to use a subcircuit in an input file, the subcircuit 
must be defined. The format of the first line of a 
subcircuit definition is 


SUBCKT SUBNAME NI <N2 N3 ...> 
and the last line of a subcircuit definition is 
“ENDS <SUBNAME> 


The .ENDS control line should not be confused with the last 
control line of the entire input file, .END. In a SPICE 
input file with three subcircuits, there would be three .ENDS 
SUBNAME control lines and only one .END control line. 

SUBNAME is the name you will call the subcircuit. N1, 
N2 .. . are those nodes of the subcircuit that will be con- 
nected to other nodes in the circuit; they are called the ex- 
ternal nodes of the subcircuit. Node zero may not be an ex- 
ternal node of the subcircuit. In addition to the external 
nodes, a subcircuit can have any number of internal nodes. 
Internal nodes are nodes within the subcircuit definition 
which are not external nodes; node zero may be an _ internal 
node. Such internal nodes are local to that subcircuit 
(except for node zero), and are not considered by SPICE to be 
connected to the circuit outside of the subcircuit, even if 
the node numbers are the same. However, in the interests of 
clarity, not to mention kindness to others who may look at 
your input file, it is best not to use the same node numbers 
within a subcircuit and also in the circuit. 


Allowed within a subcircuit, between the SUBCKT and 
-ENDS control lines, are element lines of the subcircuit, 
semiconductor device models, other subcircuit definitions, 
and even subcircuit calls. Not allowed within a  subcircuit 
definition are control lines. 

The .ENDS line must have the optional SUBNAME included 
only if subcircuit definitions are nested (only if a subcir- 
cuit definition contains another subcircuit definition). 
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9.2.2. Element Line to Use a Subcircuit in a Circuit 
XYYYYYY NI <N2 N3 ... > SUBNAME 
XYYYYYY is the element name of the pseudo-element which is 


defined elsewhere in the input file as SUBNAME. Nl 
are the circuit nodes to which the subcircuit is connected. 


9.2.3. Example of Subcircuit Use: An R-C Circuit 


Consider the R-C circuit fed by a sinusoidal voltage 
source shown in Fig. 9.1. First we'll do an AC analysis with- 
out subcircuits. The SPICE input file shown in Fig. 9.2 con- 


EJ Ra [2] R3 [2] Ra E] RE E] R7 [e] Ag 








ALCAD 
100 


Figure 9.1 R-C Circuit with Sinusoidal 
Voltage Source. 


U 
RLOAD 199 
“AC DEC 5 188 1MEG 
-FLOT AC VM(7,9) 
-OPTIONS NOPAGE 

+END 


RCL.CIR LONG R-C NETWORK 
VGEN 81 9 AC 1 
Rl i 2 
R2 2 6 
R3 2 3 8 
Ci $3.8 #W 
R4 3 4 «4a 
RS 4 6 @ 
Ré 4 5 a 
2 5.8 WwW 
R7 5 6 (88 
Re 6 8 & 
R9 6 7 & 
7 @ 
7 8 


Figure 9.2 Input File RC1.CIR for R-C 
Circuit. 
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HenHHEELL/ 2/87HHH Demo PSpice (May 1986) sHeHeeE 92197 Si eREEEEE 
RCI.CIR LONG R-C NETWORK 
KEKE CIRCUIT DESCRIPTION 


JESSE EEE EEE ERE EE TTT TAT TTR EEE 


VOEN 1 @ AC 1 


Ri 68 
R2 5 
R3 89 
C1 1 
R4 4g 
RS 


= 
o 
EO O&O OF oe oe OO RP 
2S tS SO SO Ss ee I Ee 
on 
S 


GAD 9 
-AC DEC 5 189 iMEG 
«PLOT AC VM(7,9) 
ae NOPAGE 


ee SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.808 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


{ 1) 9008 = 2) O08 0 {D) a «9989 


{ 5) 9098 = ¢ 4) 9009 ( 7) « 9805 
Figure 9.3 Output File RC1.OUT for R-C 
Circuit. 


tains 13 element lines. Figure 9.3 is the SPICE output file, 
containing a graph of load voltage versus frequency. As we 
might predict, the network is a low-pass filter, where the 
load voltage rolls off as frequency increases. 

By examining the circuit, we can see that the circuit com- 
bination of three resistors (60, 50 and 80 ohms) and one capa- 
citor is repeated three times. These four components can be 
defined as a subcircuit, shown with the subcircuit definition 
in Fig. 9.4. Figure 9.5 is the same schematic diagram as 
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ee AC ANALYSIS TEMPERATURE = 27,908 DEG C 


FREQ VM(7} 


1.889D-15 1.089D-16 1.0000-95 1.90000 1, 9000405 


1.@0gD+82 1.9430-02 . ‘ . % . 
1.585D+82 1.949D-2 . : : # . 
2. di2D+82 1.933D-92 . ; é + : 
3.9B1D+82 1. G16D-92 . ; ; * : 
6. 319D+82 9, 7500-93 . . * . 
1, 990D+03 8.842D-93 . . . # 5 
1.585D+83 7. 128)-93 . : A * : 
2.0120+83 4. 6550-03 . : - * ‘i 
3.981083 = 2,297D-83 . ' . * ; : 
6.319083 8.594D-04 . : » # ; ' 
1,990D+94 2. 6360-04 . ; » # ‘ ; 
{505004 7.2370-95 . . .* ‘ : 
2.0120+84 = 1,8870-85 . ‘ + . : 
3.981D+94 = 4.812D-94 . : *, . i 
6. 510D+94 1. 2160-86 . . *, ‘ . 
1,909D+95 3.942D-97 . ' * , , : 
1.585D+85 7.6990-98 . . e ‘ ' 
20120485 1.935D-98 . ‘ * : . . 
3.981D+85 4.866D-99 . » # ‘ . : 
6.319495 1.2210-99 . » * : ‘ : 


1, 060D+86 3.967D-19 . * 


-—— mm wm wm mw ew www ew we KM me ew ee ee ee ee 


JOB CONCLUDED 
TOTAL JOB TIME 6.19 
Figure 9.3 (Continued). 


SUBCIACUIT DEFINITION 
IEE AT SE NE EEE 


-SUBCKT TEE 1 2 


RALEFT 4 6 60 
RRIGHT 8 2 680 
RMID 8B oO 50 
CRIGHT 2 0 41uU 
-ENDS TEE 





Figure 9.4 Schematic and Definition of 
Subcircuit. 
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ALOAD 
100 





Figure 9.5 R-C Circuit with Subcircuits 
Shown. 


RCZ.CIR sar R-C ae WITH SUBCIRCUITS 


VGEN 18 

-SUBCKT TEE 1 "5 
RLEFT 1 8 66 
RMID 8 § &@ 
RRIGHT 8 2 9&8 
CRIGHT 2 @ 1U 
ENDS TEE 


XA if 26 TEE 

XB 2@ 36 = «=TEE 

XC 36 ««48~—=COTEE 

RLOAD 46 9 199 
-AC DEC 5 190 1MEG 
«PLOT AC “WK (49,8) 
VOPTIONS  NOPAGE™ 

+ END 


Figure 9.6 Input File RC2.CIR for R-C 
Circuit with Subcircuits. 


Fig. 9.1, with the subcircuits illustrated. The input file 
shown in Fig. 9.6 requires only nine element lines (compared 
with 13 in Fig. 9.2) to describe the circuit. The analysis 
results, shown in Fig. 9.7, are the same. 

Of course, if you were modeling a flip-flop using many 
nand gates, the savings in element lines by using subcircuits 
for the nand gates would be even more noticeable. 
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eee LT / 2/8744 Demo PSpice (May 1986) etek 9: 17: 4QeeeHEEe 
RC2.CIR LONG R-C DONE WITH SUBCIRCUITS 
HEE CIRCUIT DESCRIPTION 


JE HEHEHE HEHEHE HEHE HEHEHE 


HHH SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.006 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


( 18) 8906 = (28) a a 2) 9808 = (48) - 99088 
( 41) «9899 = 42) 9908 = (43) « 9995 


Figure 9.7 Output File RC2.OUT for R-C 
Circuit with Subcircuits. 
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ee AC ANALYSIS TEMPERATURE = 27.099 DEG C 
FREQ VM (48) 
1.999D-15 1.909D-19 1.980D-25 1.000D+88 = 1. BO8D+85 


1,890D+92 1.943D-2 . ¥ 

1,585D+82 1.949D-€2 . . ¥ 

2.c120+82 1.933D-92 . : ; * . ‘ 
3.981082 1.914D-€2 . : : + ‘ 
6. S19D+82 9. 7580-93 . 7 : e , . 
1.G0@D+93 8.8420-83 . . : e , . 
{.585D+83 7. 1280-83 . : : * ‘ 

2,012D+83 4,455D-93 . . ' * : ' 
3.981D+83 2.297D-03 . : : € 

6.3i9D+03 9.596D-94 . : eo tk 

1.990D+04 2. d36D-84 . . ie: Fi . 
1,5850+04 7.237D-85 . : .* ; ‘ 
2.-d120+84 1,887D-05 . . it . . 
3.981D+04 9 4.812D-@6 . : %, : ‘ 


6. 319D+84 1.2160-94 


. 

. 
a 

« 


1.009D+@5 3.962D-97 . . * , : . 
1.S85D+85 7.699D-98 . : * : 

2,c12D+@5 1.935D-98 . . + : ‘ . 
3,9B1D+@5 4. 860D-99 . . # : : : 
6.3190+95 1.2210-89 . . # : . ‘ 
1. 999D+06 3.967D-19 . at . . : 


JOB CONCLUDED 


TOTAL JOB TIME 6.49 
Figure 9.7 (Continued). 


CHAPTER SUMMARY 


Subcircuits can simplify and dramatically shorten input files 
which use the same cifcuitry many times. 


Subcircuits may be nested within other subcircuits. For exam- 
ple, a subcircuit for a shift register could have a flip-flop 
subcircuit within its definition, and the flip-flop  subcir- 
cuit could have a nand gate subcircuit among its subcircuit 
element lines. 


Try to use node numbers within subcircuit definitions which 
are different from those used outside the subcircuit. Though 
this is not required, doing so makes it easier for someone 
looking at the input file to understand. 
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TRANSMISSION LINES 





10.1 TRANSMISSION LINES ARE LOSSLESS ? 


Yes, if you are using SPICE version 2, transmission lines are’ 
considered to be lossless. This is quite reasonable for a 
circuit analysis program with integrated circuit emphasis, 
since transmission lines used within an integrated circuit 
(likely to be stripline or microstrip) are going to be very 
short, both physically and _ electrically. The loss in a_ short 
transmission line is normally quite small (a fraction of a 
dB) and therefore negligible for most purposes. 

If you wish to add loss to a SPICE transmission line, 
this can be done only using lumped (as opposed to distribu- 
ted) R or G elements. The dominant loss mechanism in most 
practical transmission lines is the conductor loss due to 
skin effect, not the dielectric loss. You can simulate a 
long and lossy line by breaking it up into shorter sections 
and adding a small resistance in series with each short sec- 
tion to represent the distributed conductor loss. Although 
it is tempting to use extremely short sections (each with a 
very small series R for loss), there is a tradeoff involved 
with this. In transient analysis, SPICE will make the time- 
step (or internal computing interval) less than or equal to 
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one-half the minimum transmission delay of the shortest trans- 
mission line. This can make a SPICE transient analysis take 
a very long time if short transmission lines are used. 

Another problem is that transmission line loss increases 
with frequency. It is not possible to specify a frequency- 
dependent resistor, so line loss simulated by lumped _ resis- 
tors will be valid only at one frequency. The SPICE limita- 
tion that transmission lines are lossless is not a_ serious 
one. In the examples that follow, you will see that SPICE 
can be used to solve an assortment of transmission line prob- 
lems which would be all but impossible to solve in a reason- 
able time without a computer. 


10.2 TRANSMISSION LINE ELEMENT LINE 


The two formats for an element line describing a transmission 
line are 


TXXXXXXK NA+ NA- NB+ NB- Z0=ZVAL F=FREQ 
+ <NL=NLENGTH> <IC = VA, IA, VB, IB> 
or 
TYYYYYY NA+ NA- NB+ NB- Z0=ZVAL TD=TVALUE 
+ <IC = VA, IA, VB, IB> 


TXXXXXX is the element name of the transmission line. NA+ 
and NA- are, respectively, the positive and negative nodes of 
the A side of the transmission line. NB+ and NB- are, respec- 
tively, the positive and negative nodes of the B side of the 
transmission line. ZO is the characteristic impedance of the 
transmission line, in ohms. (The 0 in ZO is the number 0, not 
the capital letter O.) 

SPICE must be told the length of a transmission line. 
There are two ways to do this; either one is acceptable, and 
you can easily convert from one to the other. The two ways 
are 


1. Specify frequency and electrical length: FREQ is the 
frequency at which the transmission line is NLENGTH wave- 
lengths long. The NLENGTH parameter is dimensionless, 
since it is the normalized electrical length of the 
line. NDLENGTH is the physical length of the line (in m) 
divided by the wavelength in the line (in m). The wave- 
length in the line is the free-space wavelength multi- 
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plied by the velocity factor of the line. If the option- 
al NL = NLENGTH parameter is omitted, SPICE assumes a val- 
ue of 0.25. That is, if the length of a transmission 
line is not specified, SPICE will consider it to be a one 
quarter wavelength section. 


2. Specify the transmission delay: TD is the transmis- 
sion delay of the transmission line, measured in seconds. 


With each of the methods for specifying the electrical length 
of a transmission line you can optionally specify initial con- 
ditions at each end of the line. VA and IA are the voltage 
across and current into the A side of the line, while VB and 
IB are the voltage across and current into the B side of the 
line. A positive voltage means that the V+ node is more posi- 
tive than the V- node on that side, while a positive current 
means that current is flowing into the V+ node and out of the 
V- node. It is important to note that these initial condi- 
tions will have an effect only if the .TRAN control line con- 
tains the option UIC (use initial conditions). 

A single transmission line element line models only one 
propagating mode. In those circuits where the four nodes are 
distinct, two modes may occur: center conductor to shield and 
shield to ground. In order to model such a situation, two 
transmission line element lines should be used. 


10.3 EQUIVALENCY BETWEEN TRANSMISSION 
DELAY AND ELECTRICAL LENGTH 


Since there are two methods for telling SPICE the length of a 
transmission line, it may be of use to look at how each meth- 
od works and how to convert from one method to the other. 

In general, we can say that the transmission delay, TD, 
of a transmission line can be found from 


TD = physical length/velocity 
where velocity is the phase velocity in the line, given by 


velocity = free-space velocity(velocity factor) 
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The velocity factor is less than or equal to 1.00. Also, the 
normalized electrical length, NL, is 


NL = physical length/wavelength 

where wavelength is the wavelength in the line, determined by 
wavelength = velocity/frequency 

Normalized electrical length can then be expressed as 
NL = physical length (frequency)/velocity 


Since physical length = TD(velocity) = NL(velocity)/frequency 
then 


TD = NL/frequency, and NL = frequency(TD) 
EXAMPLES: 


1. A transmission line with a characteristic impedance of 50 
ohms is 12 m long, with a velocity factor of 0.66. a. What 
is the transmission delay? b. What is the normalized electri- 
cal length? 


a. velocity = velocity factor (c), and c = 3E8 m/s, so 
velocity = 0.66 (3E8 m/s) = 2E8 m/s. 
TD = length/velocity = 12 m/(2E8 m/s) = 60 ns. 


b. Before the normalized electrical length can be deter- 
mined, a frequency must be specified. Let’s use 30 MHz. 
NL = frequency(length)/velocity = 30E6(12)/2E8, so NL = 
1.8 wavelengths. 


2. Write the element line for the above transmission line two 
different ways. Call it TSTUB. 


TSTUB 1 2 3 4 Z0=50 TD = 60N 
TSTUB 1 2 3 4 Z0=50 F =30MEG NL =1.8 
The element lines above assume TSTUB is connected to 


nodes 1 and 2 at the A side, and to nodes 3 and 4 at the B 
side. 
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10.4 SAMPLE TRANSMISSION LINE PROBLEMS 
10.4.1 Single Pulse into Transmission Line 


This problem will show how SPICE can be used in the time do- 
main to look at a single short pulse at the sending end and 
the receiving end of a physically short transmission line. 

Figure 10.1 shows a pulse voltage source, with 50 ohm 
output impedance, connected to a 50 ohm transmission line 
which is terminated in a 50 ohm matched load. The SPICE 
input file TLINEI.CIR, Fig. 10.2, specifies that the pulse 
goes from 0 V to 10 V after a 1 ns delay from time-zero, and 
has a pulse width of 3 ns. 

The transmission line, with element name TSHORT, has a 
transmission delay of 2 ns. We should therefore expect that 
whatever voltage changes appear at the input to the transmis- 
sion line (node 2) should occur 2 ns later at the output 
(node 3). The input file .PLOT control line tells SPICE to 
make a graph of the voltages at nodes 2 and 3 versus time, 
from t = 0 to 7 ns. 

The SPICE output file, Fig. 10.3, contains an element 
node table showing the nodes and all elements connected to 


[2] 





C tsHoat_ © 


RLOAD 





50 


Figure 10.1 Pulse into Transmission Line. 


TLINE1.CIR PULSE INTO TRANSMISSION LINE 

‘ TO ILLUSTRATE THE TIME DELAY OF A LINE 
VIN 1 9 PULSE(@ 19 IN @ @ WN) 

RIN 1 2 58 

TSHORT 2.9 3 @ 2a=5@ TD = 2N 

RLOAD 3 9 5B 

-TRAN w2N TN 

“PLOT TRAN V(2) (8,5) V(3) 

-OFT TONS NOPAGE NODE 


Figure 10.2 Input File TLINE1.CIR. 
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Hen 1/22/87 Demo PSpice (May 1986) JHE 9: Sd: Agee 
TLINEL.CIR PULSE INTO TRANSMISSION LINE 
HE CIRCUIT DESCRIPTION 


JERE IEEE EE Ea aa 


* TO ILLUSTRATE THE TIME DELAY OF A LINE 
VIN 1 @ PULSE(@ 19 IN 9 9 3N) 
RIN 1 2 5¢ 
TSHORT 2 9 3 @ Zd-SH TD = 2N 
FLOAD 3 9 «SG 
STRAN w2N 7N 
"PLOT TRAN Vi2) (0,5) ¥(3) 
: -OFTTONS NOPAGE NODE 


HE ELEMENT NODE TABLE 


§ RLOAD VIN TSHORT © TSHORT 

{ RIN VIN 

2 RIN TSHORT 

3 = -RLOAD «= TSHORT 
HEE INITIAL TRANSIENT SGLUTION TEMPERATURE = 27.9888 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


{ f) 1098 CD) 9888 = (3) 8906 


Figure 10.3 Output File TLINE1.0OUT. 
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He TRANSIENT ANALYSIS TEMPERATURE = 27.908 DEG C 
LEGEND: 
VC) 
+: V(3) 
TIME V(?) 
(4) ------------ . $99D+08 1. 2590+96 2. 8OD+9G 3. 7OSD+99 5, SAD +9G 
(+) ------------  GEOD+HG 2. 8990+99 4, GGGD+0G 6. SG8D+99 8, G8GD+88 
29000-18 “OMODOR 


4,G00D-19  .ggaD+99 ' 
6.980D-19 .090D+99 : 
8.989D-19 . 9G9D+00 
1,908D-99 —. G9GD+99 
1. 268)-69 5, 800D+90 
1,498D-99 5.900D+098 
1, 6080-89 5, agaD+99 
1,800D-99 3. 9900+99 
2, 088D-89 5, 909D+09 
2,2600-99 5. 909D+998 
2, 496D-89 5. 98GD+90 


4.490D-99  , @BdD+09 
4,6980-89  .G00D+99 
4,880D-29  , 9daD+09 
3. 998D-99 -2, 384D-17 
5. 288D-89 -1,537D-17 
5. 48@D-89 -1. 5430-14 
3, 698)-09 -1, 3880-14 
5. 860D-89 -1.388D-14 
6. 9060-99 -1, 388D-14 
6. 209D-89 -1.388D-16 
6. 400D-89 -1, 3880-14 
6.698D-99 -1.368D-16 
6, 8880-99 -1,388D-14 
7, @090-89 ~1, 388D-16 





JOB CONCLUDED 
TOTAL JOB TIME {1.19 


Figure 10.3 (Continued). 
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those nodes, and a graph of the transient analysis results. 
Voltage V(2) is plotted with asterisks (*), and V(3) is  plot- 
ted with pluses (+). Notice that the scales for the two 
plots are different, as specified in the .PLOT control line. 
V(2) plot limits are 0 and 5 V, while SPICE automatically 
scaled V(3) from 0 to 8V. 

The input voltage, V(2), rises from 0 V to 5 V at 1 os 
and remains 5 V for 3 ns. The output voltage, V(3), does the 
same as V(2) except that it is delayed by 2 ns. Where the 
two graphs overlap, a letter X is used for the plot symbol. 
Since the transmission line is terminated in a matched load, 
no reflections occur. If the load is not matched, a _ reflec- 
tion will occur at the mismatch, and the input voltage will 
change at a time equal to twice the transmission delay of the 
line. This is the basis of time-domain reflectometry (TDR) 
which is used to examine transmission lines for defects from 
the input side. SPICE can be used to predict in advance what 
a TDR display should be for a certain transmission line cir- 
cuit, 


10.4.2 Transmission Line Balun Power Bandwidth 


SPICE will be used to determine the power bandwidth of a 
transmission line balanced-unbalanced (balun) transformer. 
Baluns are used to connect coaxial transmission lines to bal- 
anced transmission lines or antennas, and utilize a one-half 
wavelength section of transmission line. 

It is a very simple task to analyze how baluns work at 
the design frequency, where the line is indeed one-half wave- 
length long. However, it is not at all simple to analyze how 
the balun will perform at frequencies above or below the de- 
sign frequency. SPICE can be used to great advantage to per- 
form a frequency sweep of the input voltage, and to plot the 
output voltage versus frequency. We can tell the power band- 
width of the balun circuit by observing when the output volt- 
age magnitude drops to 0.707 of its value at the design fre- 
quency. 

The circuit is shown in Fig. 10.4. The 75 ohm coaxial 
transmission line impedance is converted by the balun to the 
300 ohm impedance of the load. The design frequency of the 
balun is 100 MHz, so the transmission line T2 is 0.5 wave- 
length long at 100 MHz. Figure 10.5 shows the input file, 
BALUN.CIR, in which the AC analysis control line sweeps the 
frequency linearly from 20 MHz to 180 MHz. 
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eee) 





Figure 10.4 Transmission Line Balun 
Circuit. 


The output file (Fig. 10.6) shows the graph of the volt- 
age magnitude across the load resistor, WM(30,40), to be a 
maximum of 20 V at 100 MHz. Using the 0.707 criterion, we 
can see that the voltage falls to 0.707(20 V), or 14.14 V at 
about 48 MHz and 152 MHz. Thus, SPICE has directly provided 
the information to determine the power bandwidth to be about 
152 - 48, or 104 MHz. The power bandwidth is not necessarily 
the same as the usable bandwidth, since the voltage standing- 
wave ratio, or VSWR, may be acceptable only over a much nar- 
rower bandwidth. The higher the VSWR, the more power is re- 
flected by the load back to the source. The next problem 
will show how to make SPICE provide information which can be 
used to calculate VSWR at each frequency. 


10.4.3. Transmission Line Balun Input Impedance 


A very simple modification can be made to a circuit to make 
SPICE print out the input impedance of a circuit. In this 
problem we will slightly change the circuit of the previous 
problem and cause SPICE to print out the input impedance of 
the balun circuit at each frequency. From this input impe- 
dance data the VSWR at each frequency can easily be calcula- 
ted, and a VSWR-based bandwidth can be determined. 


BALUN.CIR TRANS, LINE BALUN 

VIN i@ @ AC 2B 

RIN 19 28 75 

Tl 26 6 36 9 1875 FE199MEG NL 
T2 3 9 48 6 IG=75 F=189MEG NL 
RL 38 48 «(389 

«AC LIN 41 26MEG L89NEG 

«PLOT AC YM(38,49) (3,28) 

aa NOPAGE NODE 

«EN 


=1,9 
=$,5 


Figure 10.5 Input File BALUN.CIR. 
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eee 1/ 5/8 7aeueeee Demo PSpice (May 1986) eee 6:49: O9sREEAE 
BALUN.CIR TRANS. LINE BALUN 
ett CIRCUIT DESCRIPTION 


JE EEE ETT EEE ETE EE EER ERAT AR EE EE 


VIN 18 @ AC 28 

RIN 1@ 28 75 

Tl #2 @ 30 @ 20575 F=190MEG NL=1.0 
Tt? 38 @ 4G @ 70575 F=1G0MEG NL=9.5 
RL 38 49 308 

LAC LIN 41 20MEG 189MEG 

"PLOT AC VM(3a,40) (3,28) 

"OPTIONS NOFAGE NODE 


EERE ELEMENT NODE TABLE 


@ VIN Tl Tl T2 T2 
if RIN VIN 
26 «RIN Th 
38 ORL Tl T2 
46 ORL T2 


HE SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.868 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


( 18) 8008 = (2B) 9009 = ( 3M) 9900 = { 48) » 9089 


Figure 10.6 Output File BALUN.OUT. 
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HERE AC ANALYSIS 


FREQ VM (39, 49) 


3, G8GD+09 


4, 821 D+a0 


TEMPERATURE = 


7.7 46D+88 


129 


27,808 DEG C 


2, 8690487 
2, 4900+97 
2, 89GD+87 
3. 2000487 
3. 698D+97 
4, 996D+97 
4, 4990+97 
4, B98D+87 
3. Q00D+97 
5. 698D+97 
6, 986D+G7 
6. 498D+97 
6, 800D+97 
7 2890497 
7, 688D+87 
8. 989D+97 
8. 440D+97 
8. BOOD+G7 
9, 2000+97 
9, 690D+97 
{, @8GD+98 
1. 849D+88 
1, @86D+88 
1, 129D+88 
{, 16gD+08 
1, 206D+98 
{.249D+88 
« 280D+88 
» 320D+98 
» 368D+98 
4990+98 
449D+88 
»496D+98 
»d24D+98 
» JO8D+98 
1. 6640+88 
1.640D+08 
1, 6B9D+88 
1. 72@0+88 
1, 768D+88 
1. G88D+28 


3. 7290+88 . * 
5, 2950+99 . 
6. 885D+28 . 
8.453D+868 
1.G@0D+81 . 
1.162D+81 . 
1. S@2D+81 . 
1.429D+81 . 
1, 5380481 . 
1.6352D+81 . 
1.7111 . 
1.777D+81 . 
1. B31D+#1 , 
L.874D+81 . 
1.120491 . 
L.941D+81 . 
1, 763D+@1 . 
1, 989D+81 
LOD . 
L.998D+@1 . 
2, 990D+81 
1. 798D+1 
1. FiD+G1 
1.986D+81 . 
1.630481 . 
1. 941D+91 
L.F12D+81 . 
1.B74D+81 . 
L.831D+81 . 
L.777D+81 . 
L.711D+81 . 
L.652D+81 . 
L.SS8Dtal . 
L.429D+81 , 
1. 383D+81 
1,162D+81 . 
1, G8BD+81 , 
8.455D+89 . 
6. 885D+09 . 
5. 205D+99 
3. 7290488 * 


Be et ee eee ee 
es 


1,245D+91 = - 2, GOGD+91 

*, s 
s + a 

. * ‘ 
‘ * ' 

* ey 

* * . 

. *, 
’ *, 
* %, 
. %, 

' ¥, 

; % 

? % 

. * 

i t 

; + 

; * 

* 


JOB CONCLUDED 
TOTAL JOB TIME 


9.49 


Figure 10.6 (Continued). 
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Figure 10.7 Transmission Line Balun 
Circuit, Current Input. 


If an AC current source of 1 A magnitude and 0 degrees 
phase is connected to the input of a circuit, then the phasor 
voltage at the input is the product of current and impedance: 


V =I1(Z)=1(Z)=Z 


Thus, by replacing the AC voltage source and 75 ohm resistor 
in the previous problem with a 1 A current source, SPICE will 
generate input impedance data. Refer to the modified schema- 
tic diagram in Fig. 10.7 which shows current source IIN.  Fig- 
ure 10.8 shows the input file, BALUN2.CIR, for this circuit. 
Since the phase is not specified in the IIN element line, the 
default value of 0O degrees will apply. Notice that the + 
node for IIN is 0, and the - node is 20. That means that pos- 
itive current flows up from ground (node 0) through IIN and 
into node 20. 

The output file shown in Fig. 10.9 has a table of the 
complex input voltage (and impedance) in rectangular form, 


BALUN2.CIR TRANS. LINE BALUN, 1A CURRENT INPUT 
TIN g@ 29 AC i 


Ti 2@ 9 38 @ 20=75 F=190MEG NL=1.9 
T2 36 9 46 @ 26=75 F=199MEG NL=#.5 


«AC LIN 41 O@MEG 14@MEG 
«PLOT AC VM(28} VP (28) 
»PRINT AC VR(28) VI(28) 
oles NOPAGE NODE 


Figure 10.8 Input File BALUN2.CIR. 
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HEEL 1 / 5/27 Demo PSpice (May 1986) HEHE 8:45: SeeeeeeEE 
BALUN2.CIK © TRANS. LINE BALUN, 1A CURRENT INPUT 
tt CIRCUIT DESCRIPTION 


JHE HENGE Batata 


TIN @ 28 AC i 

Ti 26 9 3) @ 28=75 F=1@GMEG NL=1.9 
T2 36 9 49 @ 28575 Fi9QMEG NL=9,5 
RL 3a 48 ae 

-AC LIN 41 O@MEG 149ME6 

«PLOT AC VM{28) YP (24) 


PRINT AC VR(2@) VI(28) 
‘on NOPAGE NODE 


HEE ELEMENT NODE TABLE 


9 IN TI T! 12 12 
2 IN Tt 
38 RL Tl 12 
46 RL 12 
+4 SNALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.900 DEG C 


NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


{ 28) 9806 (38) es » 9808 
Figure 10.9 Output File BALUN2.OUT. 
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SRE AC ANALYSIS 


FREG 


&, BOGE+87 
6, 28GE+87 
6, AGGE+87 
6, HO0E+97 
6. B@GE+87 
7. GGE+87 
7 209E+97 
7, AGGE+87 
7. BGGE+87 
7, BGGE+87 
8. GO9E+87 
8. 208E+97 
8, 498 +97 
8, b8GE+87 


8, B8096+07 


9, AQGE+97 
9, 209£+97 
9, ARGE+97 
9, 6OGE +87 
9, BAGE+97 
1, @8GE+98 
{, @28E+89 
1, @4@E+09 
1, B4GE+08 
1, @BGE+88 
. 1BGE+88 
» 12GE+98 
, L4GE+98 
. L6GE+98 
 LBUE+HB 
 2OGE +98 
22GE+ 88 
. 249E+98 
» 2bGE+98 
» 2OGE +88 
. SGE+88 
2 2GE +88 
. S4GE +88 
S6GE+8B 
. SBRE+GB 
 4BGE +98 


been fence pete ete fe het ech fee Dee tan bach feet Bech Berets freee Bee 
. . 


VR (28) 


4 G4! 
5. 716E+41 
8, 2308+ 
1, 282E+82 
1, SS7E+82 
1, b47E+82 
1 AIBE+S2 
1, 153E+82 
9, 2386 +81 
7. OS3E+91 
6. 64GE +81 
6, G2BE+@1 


1, 1536482 
1. 438E+82 
1. 647E+82 
1, S57E+82 
1. 262E+82 
8. 338E +81 
. 716E+81 
4, GA9E+81 


VIt28) 


§, 7LPE+B4 
7. AG7E+EL 
8. 121E+81 
7, B45E+81 
4, 991E+81 
2. 48BE+88 
“3,41 2E+81 
~4, B19E+81 
~4, BO5E+G1 
-4, 2O5E+81 
-3,413E+81 
-2, 597E+81 
-1, B2iE+@1 
“1, 1138481 
~4, F2GE+ 08 
1, 5766-81 
3, 99EHOS 
5, b4GE+89 
5. 4356+09 
3, 315E+89 
{.818E-13 
-3, S15E +88 
-5, 435E+09 
-§, bAGE+G0 
-3.799E+98 
-{,576E-d1 
4, 924E +00 
1. LL3E+81 
1. B21E+81 
2,007 E+8h 
3.413E+8l 
4, 2O5E+H1 
4, 889E+81 
4, B19E+G! 
3.412E+61 
-2, AGREE 
~4, SP1E+81 
-7, BaE+ai 
-8. 131E+91 
~7 ASTE+G1 
-§, 71 2E+al 
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TEMPERATURE = 


Figure 10.9 (Continued). 


27,908 DEG C 
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weet AC ANALYSIS TEMPERATURE = 27.980 DEG C 
LEGEND: 
+: VM(20) 
+ VP (28) 
FREQ = -VM(28) 
(H)-—-——-———-- SFB S1ODHOL«—1.900DMZ1.SBSDHIZ —-2,5120402 
(4) ————————— “1,0900482 -5.000D+01 —.00D+O SOMME 1 D402 
6.0000+07 7.0020401 . .# ' . 
6.2000+07 9.121D+01 : a ‘ 
6.4000497 1, 165D+92 . ee 
6.6000+07 1.435092 . w 
6.800D+07 1. 6350492 . . + 4 
7.0000+07 1.470492 . + 
7.2000+07 1.4780+02 . ' +. *, 
7.4090+07 1. 2500492 . a ae 
7.6000407 1.941402 . fs 
7.800407 8.732401 . a 
8.900007 7.460491 . oH 
8. 2000107 4.564091 . oF 
8.400D+07 5.989401 . t, t : 
8.4000407 5. 7140401 « e, e., : ; 
8.800087 5. 7040401 . t, + ; 
9.000007 5.919D+81 . - + 
92000487 6, 266D+01 * + 
9.4000+07 6.692040 . + ut ; 
9.4000+87 7.999040 . .# a 
9.80087 7.392001 . sot + 
1,0900+08 7.500D+01 . ee. 
1.0200+08 7.392D+01 pa 
1.G49D+08 7.999D+01 . + 4, 
1.9600+08 6.692D+01 . .# t 
1,089D+08 6, 2h6D+01 t + 
1.190408 5. 519D+01 . t, + 
1.120008 5, 704D+01 r, . 
1.140D+98 5. 7140401 . +, 4 
1.160088 5.989401 . *, a. 
11800408 4.564D+01 . vi a ee 
1. 2000408 7. 46D¥O1 eo ee 
12200408 8. 7320+01 . a ae ’ 
1, 240D+98 1.941D+92 . * ot 
1,2600+08 1.250D+92 . 2 
1.200488 1.478D+92 . ae 
1.309D+08 1.647D+92 . + it 
1.320008 1,635D+02 . ae 4 
1.3400+08 1.435D+92 . . 4 *, 
1, 560408 1, 165D+02 . . ni 
1. 380D+08 9. 121D+01 + ', 
1,4990+98 7.902D+81 . oF 
JOB CONCLUDED 
TOTAL JOB TINE 19.79 


Figure 10.9 (Continued). 
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VR(20) and VI(20), as a function of frequency. Also a graph 
of the complex input impedance in polar form, VM(20) and 
VP(20), versus frequency is plotted. 

The input impedance data, when converted into VSWR data, 
indicates that the VSWR at 60 MHz and 140 MHz exceeds 3. The 
conversion method can be found in many texts on electronic 
communications with a chapter on transmission lines. While 
the data at 48 MHz and 152 MHz was not printed in this analy- 
sis, the VSWR at those frequencies is 5.66. A VSWR that high 
would be unacceptable for most applications. 


10.4.4 Impedance Match with Quarter Wavelength 
Transmission Line Transformer 


One method of matching a load to a transmitter is to use a 
quarter-wavelength section of transmission line to transform 
the impedance at its load side to the characteristic impe- 
dance of the system. Figure 10.10 shows a circuit where 
transmission line T2 is a quarter-wavelength long and _ trans- 
forms the impedance of 500 ohms at node 4 to 50 ohms at node 
3. The purpose of T3 is to transform the very low resistance 
of the load, 5 ohms, to 500 ohms at node 4. 

The input file in Fig. 10.11, MATCH.CIR, has element 
lines to describe the circuit, and calls for an AC analysis. 
The results of the AC analysis will be printed and plotted. 
The dead voltage source VSENSE is used to measure the current 


et DEAD VOLTAGE SOURCE 


SEAVES AS AN AMMETER 





Figure 10.10 Quarterwave Transformer 
Transmission Line Match Circuit. 
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MATCH.CIR 9.25 WAVELENGTH TRANS. LINE MATCH 

V5 i @ AC 141.42 

RS i 2 3 

VSENSE 2 1@ @ 

Tl 19 9 3 $ 7850 F=S0MEG NL=2 

T2 3.9 4 9 7O=158.1i FeO@MEG NL=8.25 

# ee ae = 158. Ly 8.25 WAVE MATCH 

T3 4 5 @ 78-58 F=S@MEG NL=9.25 

& 3 SECTION TRANSFORMS 5 OHM RLOAD TO 5@¢ OHM 
RLOAD 825 § 43 


«AC LIN 44 1GMEG = 9@MEG 

«PRINT AC VM(19) VP(i8) IM(VSENSE) IP(VSENSE) VM(5) 
+PLOT AC YM(5) (5, a 

“PLOT AC VDB(S) (16,28 

oe NOPAGE None 


Figure 10.11 Input File MATCH.CIR. 


flowing into the circuit. The voltage magnitude across the 
load, V(5), is plotted two ways. The first .PLOT control 
line plots the magnitude of node 5 voltage; the second plots 
20*LOG(node 5 voltage). The decibel data that results makes 
it easy to evaluate the half power, or -3 dB, bandwidth of 
this matching circuit. 

The output file in Fig. 10.12 contains both a table of 
polar form input voltage and current, load voltage magnitude, 
and also two graphs of load voltage. The VDB(5) graph shows 
that load voltage is a maximum of 26.99 dBV at the design 
frequency of 50 MHz, and falls off on either side. The 3 dB 
bandwidth would be the range of frequencies over which the 
magnitude is within 3 dB of 2699 dBV. By estimation from 
the graph, this would be from 45 MHz to 55 MHz approximate- 
ly. If greater accuracy is needed, the number of frequencies 
in the .AC control line could be increased or the starting 
(10 MHz) and stopping (90 MHz) frequencies could be changed. 


CHAPTER SUMMARY 


SPICE recognizes lossless transmission lines only. It is 
possible to add pseudo-distributed losses to a length of 
transmission line by breaking it up into many short lengths 
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eee 1/22/87 Demo PSpice (May 1984) Hee 9: 4B; PS eeeeneee 
MATCH.CIR 8.25 WAVELENGTH TRANS. LINE MATCH 
eet CIRCUIT DESCRIPTION 


EBB HEE EERE ETRE EE 


V5 { @ AC 14.42 

RS {2 3 

VSENSE 2 if @ 

Tl 19 9 3 9 I-90 F=SONEG NL=2 

T2 3°98 4 $ 2@=158.11 F=S@MEG NL=8.25 

# SORT (503450) = 158.11, 9.25 WAVE MATCH 

TS 4 9 5 6 7@5¢ FHS@MEG NL=@.25 

+ T3 SECTION TRANSFORMS 5 OHM RLOAD TO 589 OHM 
RLOAD 5 8 3 


-AC LIN 41 1@MEG 9@MEG 

»PRINT AC VMC1@) VP(1@) IM<VSENSE) IP{VSENSE) VM(5) 
PLOT AC VM(S) (5,25) 

«PLOT AC VOR(S) (16,28) 

a NOPAGE NODE 


Hee ELEMENT NODE TABLE 


6 LOAD V8 Tt T 12 12 13 
1 RS VS 

2 RS VSENSE 

a 12 

4 72 13 

5 RLOAD 13 
ig © VSENSE TI 


dee SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27,8988 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


( {) 9898 = (2) 85 { 3) 9095 (A) » 8899 


{ 3) 8905 (18) 9693 
Figure 10.12 Output File MATCH.OUT. 
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+4 AC ANALYSIS 


FREQ 


1, @09E+97 
1, 2098+87 
1, 49GE+97 
1. OE +97 
1. BBGE+87 
2, 998E+97 
2, 2OGE+97 
2. 49GE+97 
2. 69GE+97 
2. BBGE+87 
3. GGGE+97 
3. 209E+97 
3. AGGE+97 
3, GGGE+87 
3, BAGE+97 
4, GOGE+97 
4, 200E+97 
4, AGGE+97 
4, ONGE+97 
4, BOGE+97 
oi. @OGE+R7 
3. 2OGE+87 
5. AQGE+G7 
5. 6GGE+97 
o. BOGE+B7 
6. BOGE+87 
6, 20GE+97 
&, 4GGE+87 
&. OOGE+R7 
6, BAGE+97 
7, OGE+87 
7, 2086197 
7, ABGE+87 
7. 6G0E+97 
7, BOGE+97 
8. GAGE +87 
3, 209E+97 
8. 4GGE+97 
8, OGE+87 
8. 88GE+97 
9, @OGE+87 


VM (18) 


4, SS2E+G1 
1. @B7E+82 


b, 9B2E+99 
6, 716E+81 
1. 205E+92 
1, 368 +92 
1, @B7E+82 
4, S32E+#l 


VP (19) 


6. S98E+81 
3. Sg0e +91 
3.478E +89 
~2. 794E+81 
~5, B2BE+91 
5. 758E +81 
5.414E +8) 
2.432E+81 
~5. FARE +9 
~3,0FBE+G1 
~b, 432E+91 
7. 999E+G1 
4, BOBE+GL 
1, 849E+91 
~1, 1666+81 
~4, BO3E+81 
-5, 4336491 
4, 950E+01 
2.912E+81 
-2, 200E+99 
~4,278E-13 
2. 200E +99 
-2, 1 ZE+91 
~4, 958E+91 
5, 633E+G1 
4, GO3E+81 
1, 166E+81 
-1, 949E+81 
—4, SOBE +1 
-7, O99E+81 
6, 43526 +81 
3.598E+41 
5. F4BE +86 
~2.432E+81 
-5.414E+81 
-5, FOGE +a 
5, 82BE+91 
2.7 94E+31 
-3, 678 +88 
-3, S55E+91 
~6, J9BE+G1 


TEMPERATURE = 


IM(VSENSE) 


2, DOTETES 
1.649E+8¢ 
2, 8136-81 
1, 328E+89 
2.4196 +88 
2. 769E+99 


2. 5696480 


IP (VSENSE) 


-1,764E+81 
5, 9O5E+81 
-6. BObE+81 
5.827E+#1 
2. 8396181 
-2. 498E+09 
-3, 3G5E+81 
6, 2335E+41 
7.194E+91 
9. 121E+91 
2, IS4E+91 
“8. 51GE+89 
3, B2GE+G1 
6. 4G1E+81 
6, SAGE +81 
4. 224E+91 
1. Zi8E+91 
1, 7458+@1 
3. 6BE+G1 


4 
-4, S5GE+89 
3, 6B6E+91 
1. 745E +81 
“1, 21BE+91 
~4, 224E+91 
~6, S4GE+91 
6. 461E+91 
3. B20E+91 
8, S1GE+89 
~2, \34E+91 
-5. 121E+81 
-7, 194E+81 
6. 233E+61 
3, G5E+8! 
2. 498E+89 
-2, B3GE+91 
~5, 827E+91 
6. 966E+81 
5. OO5E+a1 
1, 764E +91 


Figure 10.12 (Continued). 


27,088 DEG C 


VA(3) 


9, GbE+90 
8. 292E+98 
7. 722E+98 
7, 2B1E+86 
&. F3E+88 
6. 726E+98 
6. SNE+a8 
&. S41E+96 
&, S77E+88 
6. 782E+08 
6. 925E+98 
7. 262E+08 
7, 73E+ 89 
8. 395E+98 
9, 2B9E +88 
1. @51E+91 
L.219E+81 
1, 450E+81 
1, 732E+81 
2.977E+91 
2, 250ET91 
2.87 7E+81 
1. 752E+91 
1, 45¢E+91 
1.219E+91 
1. G51E+91 
9. 2895 +08 


9. OOGE+99 
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JHE AC: ANALYSIS TEMPERATURE = 27.008 DEG C 
FREQ V5) 
5.900000 = 7,477D+88 = LIBDHGL =A A72D+8L = 2. SAAD HL 

1.@00D+07 9. 004D+08 . ' # : ' 

1.200487 8.292D+08 . . # ; : 

L.4G@D+7 7. 7220408 . * ‘ : 

1,600D+87 7. 201D+88 . # . 

1.B00D+07 6, 955D+86 . #, : 


2, 800D+97 6.7260+89 
2, 2000487 6. 5910489 . + 
24990497 6. 541D+80 . % 
2, 6800487 6.577D+08 . + 
2. A0GD+G7 &. 7820408 ¥ < . 4 
3,900D+07 6.925D+08 . *. : ‘ é 
3,208D+97 7.2620+08 . *, ‘ : ‘ 
3,4@g0+07° 7, 7390408 . # 

3.408D+07 8. 395D+08 . of 

3,880D+87 9, 289D+a0 
4,900D+97 1, 951D+01 
4, 208D+97 1.219D+#1 . 
4,4000+97 1.450D+@1 . 
4, 69@D+97 1, 752D+81 
4,8000+97 2,9770+91 
5, Q40D+G7 2. 2356D+81 . 
5. 2080+97 2.877D+81 . 
5, 4000407 1. 752D+01 
5. 6080+97 1.459D+81 . P : * 
5. 000D+87 1.219D+8i . 7 . * 
6.908D+97 i1.G51D+8i . F t, 

6, 2800487 «9. 289D+89 : 
6.499D+97 8.395D+08 . . # 

6. 6890487 7. 739D+88 . # F $ 
6. 8080+87 7.262D+08 . t, . ‘i 
7.0800+87 6. 925D+00 . t, ; ‘ 
7. 200D+87 «6. 7020+08 . . F 

7.480087 «G6. 577D+89 . 
7.O880497 6. 541D+8¢ . 
7, 8000487 6. 59iD+8e . 
B. 8000407 6.724D+89 . # , 7 
8.280D+87 6. 953D+89 . #, - 

8.489D407 7,2B1D+88 . ‘a 

B.48GD+87 7, 7220408 . # ‘i ‘ 
8. BGaD+67 8. 2920409 . . # : é 
9, 0000187 9.906D+8G . ; + 


. 
- 
. 
. 
” 


* 


. 
cd 
es. 8 & 


enunennenene 
. 
te 


oe 


* 


a MR oR oe 


Figure 10.12 (Continued). 
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HAE AC ANALYSIS TEMPERATURE = 27,909 DEG C 


FREQ VDB(5) 
1.600D+91 1.900081 2.200081 2.500D+G1 2. 8000481 


1,808D+97 1.909011 . # , : : 
1.288097 1.837D+81 . *, . . . 


{.406D+07 1,775D+@1 . * , 
L.60@D+97 1.724D+91. = # . 
1.200D+07 1.6R4D+#1.  * 

2, 9900187 1. 606D+81 . * 

2, 2000+87 1, 638D+81 . 
2, 4000407 1.631D+81 .# ; ; : : 
2. 680D+87 1, 636D+1 . * : . : : 
2,000D+07 1.652091. # : : . : 
3,900D+87 1.681061. ‘ i j 

3.2090+87 1.722001. + ; . . 

3,486D+87 1.777D+91 . 3 ‘ ' 

3.600D+07 i.848D+81 . #, ' . 

3.800D+97 1, 736D+81 . . # ‘ ‘ 

4, 0G0D+97 2.943D+81 . ' + . ‘ 

4,2090+87 2.172048 . ; ¥, : 

4.400097 2.323048 . : : # ' 

4. 600D+087 2. 4B7D+01 
4,860D+97 2.435D+1 . 
5. 888D+97 2.699081 . 
3. 208D+97 2. 6350491 
3.4G0D+87 2. 4B7D+81 
5.608D+87 2.323D+01 . 
5. B88D+07 2. 172D+M1 : : 
6, 8090187 «2. 0430+01 . : + . : ’ : 
6, 2900+87 1, 936D+81 . .* ‘ : . 
6.400D+97 1.048D+91 . #, 

6. 400D+87 1,777D+81 . * 

6.B00D+07 i.722D+#1. = : . ‘ ' 
7, 000D+87 1,681D+Gi . + ; : ’ . 
7.2080+987 1,652D+01 . # . . : ‘ 
7,490D+87 L.636D+L . + : 

7. 6000+97 1.631D+81 . . 

7,BG0D+97 1.638D+81 . * : : : 

§,900D+87 1.656D+01 . + . ‘ . : 
8.200D+97 1,6B4D+81 .  * : . ‘ ' 
8.400D+97 1.72401. = * : * . : 
8,486D+07 1,7730+91 . e * . 

B.BG@D+97 1.837D+81 . #, . ‘ 

9.900097 1,909D+81 . # 


7 
“ 


eee we aes 
. 
** 


JOB CONCLUDED 
TOTAL JOB TIME 17,88 


Figure 10.12 (Continued). 
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with series resistance added. However, this technique may 
lead to substantially increased transient analysis computa- 
tion time. 


The element line for any transmission line must include the 
characteristic impedance, ZO, and an indication of the line 
length. The two ways of indicating length are transmission 
delay (in seconds) or normalized electrical length (in wave- 
lengths) and frequency (in Hz). 


Time-domain reflectometry problems (using transient analysis) 
and steady-state impedance and bandwidth solutions (using AC 
analysis) can be done easily with SPICE for transmission line 
circuits. 


Chapter 11 


HOW TO CHANGE 
SEMICONDUCTOR MODELS 





11.1 WHY CHANGE SEMICONDUCTOR MODELS? 


As you use SPICE to model semiconductor circuits, you will 
discover that the built-in semiconductor models for diode, 
BJT, JFET and MOSFET, with default parameters, do not always 
match the device characteristics of the semiconductors you 
are using. For example, you may have a circuit containing a 
superbeta bipolar transistor with a forward current gain, or 
beta, of 400. The default beta in a SPICE BJT is 100. Ob- 
viously the SPICE BJT model would have to be changed to simu- 
late the circuit accurately. This is easily done. 

Another instance in which you may want to change the para- 
meters of a semiconductor model is when a circuit may be 
built with off-the-shelf components. Beta of BJTs and trans- 
conductance of FETs can vary widely from what manufacturers 
call "typical" values. Perhaps you designed the circuit as- 
suming a typical beta of 100; the beta values of a production 
run of discrete transistors might vary from 40 to 250. In 
order to see how the modeled circuit performs with those ex- 
tremes of beta, it is necessary for you to change the SPICE 
BJT model. 
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Educators may have occasion to use an "ideal" diode when 
teaching certain subjects such as power supply operation. 
The ideal diode would have essentially no forward voltage 
drop (behaves like a short circuit in forward conduction) and 
no reverse leakage current (acts like an open circuit in re- 
verse bias). SPICE can closely approximate an ideal diode, 
but how to go about accomplishing this may not be obvious. A 
diode has 14 parameters that can be changed in the MODEL con- 
trol line, and the one you would think to change to make a di- 
ode ideal in forward conduction (VJ, or junction potential) 
turns out to have absolutely nothing to do with the diode for- 
ward voltage drop! 

This chapter will provide an introduction to changing pa- 
rameters for the four semiconductor devices SPICE recog- 
nizes. For the reader who wishes to dig deeper into this top- 
ic, there are some excellent references listed in the  biblio- 
graphy in Appendix D. Some of the suppliers of SPICE-based 
circuit analysis software include programs which can _ generate 
very accurate models for all types of semiconductors when giv- 
en manufacturer’s data sheet information or measurement data 
from the laboratory. These supplementary programs actually 
create the .MODEL line for the semiconductor, which can then 
be added to the circuit input file. 


11.2 CHANGING THE SPICE DIODE MODEL 


The table of diode model parameters in Chap. 8.2.3 lists 14 
parameters. The DC characteristics are determined by IS (the 
saturation current) and N (the emission coefficient). Charge 
storage effects are specified by TT (transit time) and a non- 
linear depletion layer capacitance which is determined by CJO 
(zero-bias junction capacitance), VJ (junction potential) and 
M (grading coefficient). The temperature dependence of the 
saturation current is determined by EG (activation energy) 
and XTI (saturation current temperature exponent). Reverse 
breakdown characteristics depend upon BV (reverse breakdown 
voltage) and IBV (current at breakdown voltage). Both BV and 
IBV should be expressed as positive numbers. 

Yet another parameter which affects IS, RS, CJO and IBV 
is the area factor (AREA), which is listed not in the MODEL 
line but rather in the DXXXXXX element line. The area factor 
determines how many of the diode model MODNAME are put in par- 
allel to make one DXXXXXX. 
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11.2.1 The DC Diode Model 


Figure 11.1 shows the DC model for a junction diode. Note 
that the voltage VD is the junction voltage and does not in- 
clude the ohmic voltage drop across the resistance RS. The 
equation for diode current ID is 


ID = IS [exp(VD/N*VT) -1] 


where IS is the saturation current, N is the emission coef- 

ficient (generally set to 1.0), and VT = k*T/q. k is Boltz- 

mann’s constant, 1.38E-23 Joule/Kelvin, T is the absolute tem- 

perature in Kelvin, and q is the charge on an _ electron, 

1.6E-19 C. At a temperature of 25 deg C, k*T/q = VT = 26 mV. 
Solving the ID equation above for VD gives 


VD=N * VT * In(ID/IS +1) 


The two ways to change the forward voltage drop of the diode 
for a given forward current are to change N and to change 
IS. Minor modification can be made to IS based on I-V mea- 
surements in the lab. For example, the default value of IS 
is 1E-14 A. This is a typical value for a silicon integrated 
circuit diode. If you wanted to model a discrete germanium 
diode, a typical value of IS would be 5E-9 A. It should be 
noted that IS also affects the reverse leakage current. 


ANODE > CATHODE 





ANODE CATHODE 


Figure 11.1 DC Model for a Diode. 
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EXAMPLE: How can the IS parameter be obtained? 


Perhaps the simplest way is to obtain data which gives 
the diode voltage and current at one point. For example, if 
the forward voltage across a germanium diode was 316 mV when 
the diode current was 1 mA, the equation for ID above can be 
rearranged to give 


IS = ID/[exp(VD/NVT) -1] 


Substituting the ID and VD values, and using a value of 1.0 
for N and 26 mV for VT (the room temperature value), we ob- 
tain 


IS = 1E-3/[exp(0.316/(1.0*26E-3))-1] = SE-9 = 5 nA 


EXAMPLE: How can an ideal diode be approximated? 


If one wanted to make a diode with a very low forward 
voltage drop, IS could be set to a very large value (such as 
1E-3 A). However, by making this drastic change in IS an 
equally drastic change occurs in reverse leakage. Thus, by 
changing IS an ideal diode has been approximated in forward 
conduction only; such a diode would have unacceptable re- 
verse leakage currents. 


A table of forward voltage drops and reverse leakage currents 
appears below, for four kinds of diodes. The first is the 
SPICE default diode. The second and third diodes have had 
the IS parameter changed to lower the forward voltage drop; 
the consequences of doing this are that the reverse leakage 
current rises. In the third case, the reverse leakage cur- 
rent is clearly unacceptable. The fourth case shows a diode 
which has the emission coefficient, N, drastically reduced 
(from 1 to .001). Although this change cannot be justified 
based on semiconductor physics, it does produce a diode model 
that is quite close to ideal. It has a very small forward 
voltage drop and a very small reverse leakage current. 
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Model of VD ID 

Diode IS N_ (at ID = 1 mA) (at VD = -10 V) 
SPICE 1E-14 1 660 mV -10 pA 

default 

IS changed 5E-9 1 316 mV -5 nA 

IS changed 1E-3 1 17.9 mV -1 mA 

N changed 1E-14  ~=.001 0.66 mV -10 pA 

(almost 

ideal) 


The two circuits which were analyzed to generate the data 
above are shown in Figs. 11.2 and 11.3. Figure 11.2 shows a 
DC voltage source (VIN) across the parallel combination of 
four diodes (VA, VB, VC and VD are dead voltage sources used 
as ammeters). VIN is swept from 0 V to -10 V in -1 V steps. 
The current that flows through each diode is measured by the 
four dead voltage sources, and the results are presented in a 
table by the .PRINT statement. 

The circuit of Fig. 11.3 shows a DC current source (IIN) 
connected to the four same diodes in_ series. IIN is swept 
from 0 to 20 mA in 1 mA steps, and the voltage across each di- 
ode is presented in a table by the PRINT statement. 

The SPICE input files DIODE-I.CIR and DIODE-V.CIR that 
were used to generate these data are shown in Figs. 11.4 and 





Figure 11.2 Circuit to Test Diode Leakage 
Current, 
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EJ 





Figure 11.3 Circuit to Test Diode Forward 
Voltage. 


11.5 respectively; they may prove useful if you try modifying 
diode parameters and want to see the results. 


11.3. CHANGING SPICE TRANSISTOR MODELS 


The table of bipolar transistor model parameters in Chap. 
8.3.3 lists 40 parameters. Junction field-effect transistors 
are characterized by 12 parameters, shown in Chap. 8.4.3. 
Chapter 8.5.3 lists 42 parameters for MOSFETs. A meaningful 
discussion of transistor parameters for BJT, JFET and MOSFET 
transistors, and the methods used for creating accurate mod- 
els of manufactured transistors, is beyond the scope of this 


DIODE-1.CIR TESTING EFFECT OF 1S & N CHANGES ON REV DIODE CURRENT 
# THE SAME VOLTAGE IS ACROSS DIODES DA THROUGH DD 


SSSSESEES 
Pd pee ee Re ee De 
— 
Beaks 
Qa Aha wR Seri h 
SSe55 


4 
«MODEL DA D 
-MODEL DR D(1S=SE-9) 
«MODEL DC D(1S=1E-3) 
eMODEL DD D(N=.991) 
«DC VIN @ -19 -1 
«PRINT DC I(VA) I(VB) E(VC) T(VD) 
OPTIONS NOPAGE 


END 


Figure 11.4 Input File DIODE-I.CIR. 
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DIQDE-V.CIR TESTING EFFECT OF IS & N CHANGES ON DIODE VOLTAGE 
* THE SAME CURRENT FLOWS THROUGH DIODES DA THROUGH DD. 
TIN @ 1 OC 

DA i 19 DA 

DS ig 29 DB 

DC 29 28 OC 

DD 38 9 DD 


«MODEL DA D 

»MODEL DE D{15=5E-9) 

«MODEL DO D(IS=1E-3) 

»MODEL DD D(N=, #81) 

»DC TIN @ 28M 1M 

PRINT DC V(1,19) VLG, 29) Vi29, 38) ¥(38, 9) 
»GPTIONS NOPAGE 

OF 

END 


Figure 11.5 Input File DIODE-V.CIR. 


book. There are some excellent references on this topic list- 
ed in Appendix D. 

For many circuits, in order to simulate circuit behavior 
accurately when a SPICE analysis is performed, the only trans- 
istor parameters that need to be changed are primary gain pa- 
rameters. These would be ideal maximum forward beta (BETA) 
for a BJT, transconductance parameter (BETA) for a JFET, and 
transconductance parameter (KP) for a MOSFET. It is desir- 
able to specify the minimum number of parameters for a semi- 
conductor device which will provide a reasonably accurate mod- 
el for two reasons: 


1. Obtaining many of the parameters is often very diffi- 
cult and time consuming; manufacturers’ data sheets and 
laboratory tests of transistors do not directly provide 
the parameters which SPICE uses. An example for a BJT is 
the Early voltage, both forward and reverse. These two 
parameters (VAF and VAR) usually must be calculated from 
other information (h parameters, or characteristic curves 
which result from laboratory tests). 


2. Computation time goes up as the number of parameters 
specified for each semiconductor device increases. Cir- 
cuit designers generally work with simple models in order 
to save time, and do achieve good results. For the same 
reason, the simplest model that will do the job should be 
used when using SPICE. 


Some circuits will have high-speed switching where the tran- 
sition time is a function of the parameters of the transistor 
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(and to a lesser degree the parameters of the circuit), Exam- 
ples are astable multivibrators and Schmitt trigger circuits. 
In such circuits it is necessary to include in the transistor 
model those parameters which will accurately reflect the de- 
vice switching time. Failure to do this can result in the 
switching time being so small that SPICE will be forced into 
using computing time steps that are extremely small, and a 
transient analysis error may result. 


11.3.1 Changing SPICE BJT Models 


In order to obtain an accurate BJT model which gives realis- 
tic results in many circuits, the only parameter that needs 
to be changed is the ideal maximum forward beta, BF. It is 
the second parameter in the list of 40. The .MODEL line is 
used to set BF to other than its default value of 100. Typi- 
cal values of BF range from 40 to 250. The element and model 
lines for three transistors with different forward betas 
would be 


Qi 987 HIGH 

Q2 654 MED 

Q3 321 LOW 

‘MODEL HIGH NPN(BF = 200) 
MODEL MED NPN(BF = 120) 
MODEL LOW NPN(BF = 40) 


The switching time of a BJT is determined by its capacitances 
and its transit time. The capacitance parameters and their 
meanings are 


CJE B-E zero-bias depletion capacitance 
CJC B-C zero-bias depletion capacitance 
CJS zero-bias collector-substrate capacitance 


CJS is used only for IC transistors, and would be zero for a 
discrete transistor. CJC and CJE may be available from data 
sheets. Typical values are 1] or 2 pF. 

The other parameter which affects switching time is the 
ideal forward transit time, TF. This is seldom available 
from data sheets, but there is a simple way to calculate a 
good approximation to this parameter 


TF = 1/(2*PI*f£T) 
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where fT is called the common-emitter cutoff frequency, gain- 
bandwidth product or transition frequency. It is the fre- 
quency at which an extrapolation of the forward current gain 
on a graph of gain versus frequency falls to unity. Values 
of TF typically range from 0.1 ns to 20 ns for discrete 
transistors. 

The default values of CJE, CJC and TF are zero. The 
element line and model line for a transistor with those 
parameters modified is 


QOUTPUT 10 4 30 SPIFFY 
‘MODEL SPIFFY NPN(CJE = 1.2P CJC =0.8P TF = 1.2N) 


11.3.2 Changing SPICE JFET Models 


In order to obtain an accurate JFET model which gives realis- 
tic results in many circuits, the only parameter that needs 
to be changed is the transconductance parameter, BETA. It is 
the second parameter in the list of 12. The MODEL line is 
used to set BETA to other than its default value of 1.0E-4. 
The BETA parameter has units of amp/(volt*volt); this is dif- 
ferent from the transconductance, gm, that is normally avail- 
able from manufacturers’ data sheets. The unit for gm is 
amp/volt. If the channel length modulation parameter, 
LAMBDA, is neglected (its default value is zero) the relation- 
ship between gate-source voltage, VGS, and drain current, ID, 
in the SPICE JFET model is given by 


ID = BETA*(VGS -VTO)2 
where VTO is the threshold voltage of the JFET. Since the 
transconductance, gm, is the derivative of drain current with 


respect to gate-source voltage, transconductance is 


gm = dD) = 2(BETA)(VGS - VTO) 
d(VGS) 


Re-arranging the equation above for BETA gives 
BETA = gm/(2*(VGS - VTO). 


Thus, if the data sheet for a JFET gives the parameters gm, 
VTO and VGS at a certain operating point the value of BETA 
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can be calculated with the equation above. The element and 
model lines for three transistors with different transconduc- 
tance parameters would be 


J1 987 BIGGER 

J2 654 SMALLER 

MODEL BIGGER NJF(BETA = 5E-4) 
MODEL SMALLER PJF(BETA = 2E-4) 


Notice that Jl is an N-channel JFET while J2 is a P-channel 
JFET. 


11.3.3 Changing SPICE MOSFET Models 


SPICE can simulate a MOSFET using three different models. 
The difference in the models is how the I-V characteristic is 
formulated. The MOSFET model has 42 parameters, of which 25 
have default values of zero. The third parameter in the list 
of 42 is KP, the transconductance parameter. As with the 
JFET model, this transconductance can easily be changed to 
any desired value other than its default value of 2E-5 by 
using the .MODEL line. Shown below are four lines which de- 
scribe two MOSFETs with different transconductance parame- 
ters. 


Ml 9876 BIGGER 

M2 5432 SMALLER 

MODEL BIGGER PMOS(KP = 3E-5) 
MODEL SMALLER NMOS(KP = IE-5) 


CHAPTER SUMMARY 


SPICE recognizes four types of semiconductors (diode, BJT, 
JFET and MOSFET) and has built-in models for each. 


For many analyses, the built-in models need not be changed. 
If models need to be changed, generally only a few of the pa- 
rameters have to be modified. 


It is difficult to obtain most semiconductor parameters for 
the SPICE model from manufacturers’ data sheets or laboratory 
measurements. Programs which generate the MODEL line parame- 
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ters from the above information are available from several 
suppliers of SPICE for personal computers. 


An ideal diode (tiny voltage drop in forward conduction, very 
small leakage current in reverse bias) can be approximated by 
changing the emission coefficient, N, from the default value 
of 1.0 to 0.001. This is done in the diode MODEL line. 


Chapter 12 


SAMPLE CIRCUITS 





12.1 WHY SAMPLE CIRCUITS ? 


Perhaps the best reference to use when writing SPICE input 
files is previous files of a similar type. By looking back 
at successful SPICE analyses you can see how a particular 
type of analysis is specified, how to change temperature, how 
to specify a sub-circuit or how to print or plot a parameter 
of interest. This rest of this chapter is divided into five 
sections, each of which has examples of specific kinds of 
analysis. 


Section Kinds of Examples 


12.2 No analysis specified, SPICE does a small- 
signal bias solution anyhow. 

12.3 DC_analysis; one or more DC sources are varied 
and DC operating point is determined for each 
source value. Includes non-linear elements. 


Results may be printed and/or plotted. 


12.4 AC analysis; a linear, small-signal analysis 
over a range of user-specified frequencies. Re- 
sults may be printed and/or plotted. 

152 
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12.5 


12.6 


Transient analysis; specified output variables 
are determined as functions of time. Includes 
non-linear elements. Results may be printed 
and/or plotted. 


-TEMP; the circuit temperature may be set to 
any number of values (default temperature is 27 
degrees C). 

‘FOUR; must be done in conjunction with a trans- 
ient analysis. Performs a Fourier analysis of 
an output variable and gives amplitude and 
phase of first nine harmonics, as well as the 
DC component. 

-ITF; does a small-signal transfer function anal- 
ysis of a circuit from a specified input to a 
specified output. Results in input resistance, 
output resistance and transfer function (volt- 
age gain, current gain, transresistance or 
transconductance) being printed. 

OP; SPICE will solve for the DC _ operating 
point of a circuit including many transistor pa- 
rameters, voltages and currents. 

DISTO; must be done in conjunction with an AC 





analysis. Several kinds of distortion will be 
determined. Results may be printed and/or 
plotted. 


SENS; the small-signal sensitivities of one or 
more output variables, with respect to every pa- 
rameter in the circuit, will be found. 

-NOISE; must be done in conjunction with an AC 
analysis, SPICE will solve for the equivalent 
input and output noise of a circuit. Results 
may be printed and/or plotted. 


12.2 NO ANALYSIS SPECIFIED 


EXAMPLE 12.2. 


1, DCMESS.CIR 


Figure 12.1 shows a DC circuit with one battery and 9 resis- 
tors. The problem is to find the DC voltage across RG, the 
600 ohm resistor. The SPICE input file is shown in Fig. 


12.2. It has 
tery, and no 


element cards for each resistor and the bat- 
analysis is specified except for .OP. This will 


cause the voltage source current(s) to be printed in the out- 


put file. 
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Figure 12.1 DC Circuit. 


DCMESS.CIR A Oa THAT COULD CAUSE A HEADACHE 


V 1 2 

RA 1 @ 2 
RB 2 9 IK 
RC 31 
RD 39 4K 
RE 3.4 498 
RF 4 6 306 
RG 4 3 669 
RH & 9 368 
RI 6 5 268 


OP 
OPTIONS NOPAGE 
END 
Figure 12.2 Input File DCMESS.CIR. 


The short output file in Fig. 12.3 contains the small- 
signal bias solution, which gives the voltage at each node 
compared to ground. Since we need to know the voltage across 
resistor RG, it will be necessary to manually subtract the 
voltage at node 5 from the voltage at node 4, as follows 


Vg = V(4) - V(5) = 1.4474 - 0.8977 = 0.5497 V 


EXAMPLE 12.2.2, VANDI.CIR 


The DC circuit in Fig. 12.4 contains a voltage source, a cur- 
rent source and three resistors. The voltage across the 40 
ohm resistor and the current through the 30 ohm resistor are 
to be found. Notice that a dead voltage source, V-AMP, is in- 
serted in series with the 30 ohm resistor. It has no effect 
on the circuit operation and serves as an ammeter to give the 
current in that circuit branch. 
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eT 1/22/87 eeeeeeee Demo PSpice (May 1986) eee] 9:36: 1 eee 
DCMESS.CIR A CIRCUIT THAT COULD CAUSE A HEADACHE 
SHEE CIRCUIT DESCRIPTION 


FEHR ESE 


= 
im 
Ce ee Gd hed ed ee 
CF Sa Oo ae Ba a Sy 
a 
Ss 
sy 


VOPTIONS NOPAGE 
“END 


SHEE SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.800 DEG C 
NORE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


{ 1) ib455 (2) 8.6545 (3) 2 aot { 4) 1.4474 
( 5) 8977 (4) 7145 


VOLTAGE SOURCE CURRENTS 
NAME CURRENT 


¥ ~B, 6550-83 
TOTAL POWER DISSIPATION 1.73D-@1 WATTS 


JOB CONCLUDED 
TOTAL JOB TIME 3.88 


Figure 12.3 Output File DCMESS.OUT 
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Ee] A>) 2) (\ 








Figure 12.4 DC Circuit with "Ammeter". 


Input file VANDI.CIR is shown in Fig. 12.5, and includes 
a .OP control line to cause an operating point analysis. The 
OPTIONS ... NODE control line causes an element node table 
to be printed; this lists each node and the elements that are 
connected to those nodes. Figure 12.6 shows the output file 
VANDI.OUT, which gives the node voltages. The voltage across 
the 40 ohm resistor is simply V(6), or -5.1429 V, since the 
bottom of that resistor is at node 0. The current through 
the 30 ohm resistor is the current through V-AMP, which is 
3.714D-01 A, or 371.4 mA. 

Notice that the current through DC source V is listed as 
-371.4 mA. The reason for the negative sign is that SPICE 
considers a current positive when it flows through a source 
from the + node to the - node. Since the current through DC 
source V is from node 0 to node 2, it is negative (source V 
is supplying power to the circuit). 


VANDI.CIR VOLTAGE SOURCE AND CURRENT SOURCE DC CIRCUIT 
. OBJECT IS TO SOLVE FOR VOLTAGE ACROSS 4% OHM R AND 


¥ CURRENT THROUGH 3@ OHM R. 

V 2 8 6 

Ri 2 4 3% 

¥ THE LINE BELOW 15 A DEAD VOLTAGE SOURCE = AMMETER 
V-AMF 4 4 @ 

R2 6 @ 48 

I 6 8 SoM 

R38 OB O28 


OP 
-OPTIONS NOPAGE NODE 
END 


Figure 12.5 Input File VANDI.CIR. 
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EL 1/22/87 eee Demo PSpice (May 1984) ee201 0G: Soe 
VANDI.CIR VOLTAGE SOURCE AND CURRENT SOURCE DC CIRCUIT 

HEHE CIRCUIT DESCRIPTION 

JHE EES HE SEEGER 


# OBJECT IS 1G SOLVE FOR VOLTAGE ACROSS 4¢ CHM R AND 
% eel THROUSH 38 OHM R, 
2 8 6 


Vy 

Ri 2 4 38 

# THE LINE BELGW IS A DEAD VOLTAGE SOURCE = AMMETER 
V-AMF 46 @ 

a i 

I & 8 SOaN 

RB OG 


OF 
.GFTIONS NOPAGE NODE 
+ END 


EEE ELEMENT NODE TABLE 


@  R2 RS V 
2 Ri V 

4 Rl V-AMF 

6 Re V-AHF 
8 RS I 


HREE SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27,880 DEG C 
NODE = VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 
i 2) 6.8888 (AY 514290 Cf) 51429 (8) AG aoe 

VOLTAGE SOURCE CURRENTS 

NAME CURRENT 

V ~3.714D-@1 

V-ANF 3.7 140-1 


TOTAL POWER DISSIPATION 9. 88D+@¢ WATTS 


JGE CONCLUDED 
TOTAL JOB TIME 4G 
Figure 12.6 Output File VANDI.OUT. 
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EXAMPLE 12.2.3, DC-CKT.CIR 


The schematic diagram in Fig. 12.7 shows a DC circuit with a 
linear voltage-controlled current source, called G. The cur- 
rent through VCCS G is equal to five times VX, the voltage 
across the 15 ohm resistor. The problem is to find the volt- 
age across the 6 ohm resistor and the current through the 25 
ohm resistor. An ammeter (V-AMP) is put in series with the 
25 ohm resistor for this purpose. In order to find the volt- 
age across the 6 ohm resistor easily, ground (node 0) has 
been placed at its bottom. 

The input file, Fig. 12.8, contains the control line 
.OP. This specifies an operating point analysis, which will 
cause the current through each source to be printed. The 
output file in Fig. 12.9 shows the voltage at node 3 to be 
1.8907 V, and the current through V-AMP to be -318.2 mA. 


RC 25 


| 
2v 





Figure 12.7 DC Circuit with Linear VCCS. 
DC-CET.CIR CONTAINS A VOLTAGE-CONTROLLED CURRENT SOURCE 
V1 5 8 


1 
RA 1 2 15 
RE 24 35 
¥ ; : THE ra BELOW 15 A DEAD VOLTAGE SOURCE = AMMETER 
V-ANP 5 
* THE vs i 1S A YOLTAGE-CONTROLLED CURRENT SOURCE 
6 z23 2 
RC 23 2 
RD 3 68 6 
2 o 8 12 


OP 
OPTIONS NOPAGE 
+ END 


Figure 12.8 Input File DC-CKT.CIR. 
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AHHH 1/22/87 Demo PSpice (May 1986) #2884419; 35: 20eeeeEEE 


DC-CKT.CIR © CONTAINS A VOLTAGE-CONTROLLED CURRENT SOURCE 
RE CIRCUIT DESCRIPTION 


FEE HEHEHE ae 


Vi o 1 8 

RA 1 2 15 

RE 24 23 

; agok te ie BELOW IS A DEAD VOLTAGE SOURCE = AMMETER 

: ; THE ote BELOW 15 A VOLTAGE-CONTROLLED CURRENT SOURCE 

o£ 3 

RC 233 

RD 3 8 6 

V2 5S @ 12 


. OF 

OPTIONS NOPAGE 

«END 

thee SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.946 DEG C 


NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 
( 1) 4,0000 ( 2) 4.0858 =¢ 3) 41,8907 ( 4) 12,9908 


( 3) 12, aga 


VOLTAGE SOURCE CURRENTS 


NAME CURRENT 

Vi -3, 9520-883 
VAMP ~3, 182D-@1 
Ve -3, 1510-81 


TOTAL POWER DISSIPATION 3.81D+@ WATTS 
tHe OPERATING POINT INFORMATION TEMPERATURE = 27,404 DEG C 


###* VOLTAGE-CONTROLLED CURRENT SOURCES 
G 
T-BOURCE 2. 29E-@1 


JOB CONCLUDED 
TOTAL JOB TIME 3.98 


Figure 12.9 Output File DC-CKT.OUT. 
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Since the V-AMP current has a negative polarity, current is 
flowing upward through the 25 ohm resistor, from node 4 to 
node 2. 


12.3 DC ANALYSIS 
EXAMPLE 12.3.1, DI-VA.CIR 


Figure 12.10 illustrates a test circuit which can generate a 
volt-ampere curve for a diode. The diode is the SPICE de- 
fault diode, so the MODEL line contains only the model name 
(PLAIN) and the type of semiconductor specification (D). All 
the default values for diode parameters are therefore used. 
The diode voltage is the same as the source (VD) voltage, and 
a dead voltage source (V-ID) has been put in series with the 
diode to measure current. 

The input file is shown in Fig. 12.11. The diode voltage 
is stepped from 0.6 V to 0.81 V, in increments of 10 mV. A 
graph of diode current versus diode voltage is specified by 
the control line 


PLOT DC I(V-ID) (0, 0.4) 


where the plot limits for diode current are 0 to 400 mA. 
Figure 12.12 contains the output file DI-VA.OUT, which 
lists the IS parameter value (100 pA) and contains a graph of 





Figure 12.10 Diode Test Circuit. 


BI-VA DIODE V-A CHARACTERISTIC WITH .DC ANALYSIS 
VB ig @ OC 

B 19 2@ PLAIN 

V-ID 28 8 @ 


:DC VD #4 8.81 91 
»MODEL PLAIN D 

-FLOT DC I(V-ID) (8, 9.4) 
OPTIONS NOPAGE 

«END 


Figure 12.11 Input File DI-VA.CIR. 
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seeeeeEE 1/22/07 eeeeeEe Damo PSpice (May 1986) seeeeee] 9:38: dGeeeeeeee 
BI-VA DIODE V-A CHARACTERISTIC WITH .DC ANALYSIS 


aie CIRCUIT DESCRIPTION 


HEEEEREREL EERE EEE AREREEEREEESELELELE EAE EEEREEREEEE EERE EE ERED EEE ER 


VD ig # DC 
D 1g 20 PLAIN 
VID 28 @ & 


«DC VD $6 6.81 8! 
«MODEL PLAIN D 
sFLOT DC T(V-ID) (8, 8.4) 
OPTIONS NOPAGE 


»END 
Hat DIODE MODEL PARAMETERS 
PLAIN 

15 1. @@D-14 

HEE DC TRANSFER CURVES TEMPERATURE = 27.008 DEG C 
VD 1(V-ID) 

-900D+08 = 1.080D-01 = 2. 008D-01 = 3. 8G0D-G1 0 4. SOMD HI 

6, @00D-G1 1, 18BD-24 + : . : ' 
6, 108D-81 1.749D-04 # . ‘ : ‘ 
6. 2400-81 2.574D-84 * ; ' : : 
6,308D-91 3. 7890-94 * ' ' ' ' 
6.498D-81 5, 578D-84 * ‘ ‘ ‘ : 


6,580D-81 8. 2110-04 # 
6.6880-91 1. 289D-@2 + 
&.798D-81  1.779D-83 # 
6.B8@D-91 2.619D-83 + 


6.9¢8D-91  3.B55D-82 .# : ’ 

7,000D-G1  5.475D-23 .* . . ' : 
7.1G@D-G1 8. 3550-82 .# . ‘ a . 
7,20@0-@1 1, 238D-82 . . : . ' 
7,38@0-01 1.B19D-82 . +* ' ' 

7,499D-81 2.664D-92 . # ‘ : 

7.0@9D-G1 3.922D-82 . 2 t 

7, 6080-81 5.773D-92 . * , 

7, 7680-1 8.498D-82 . ¥, 

7,880D-81 1, 251D-@1 . 1 # : 

7,960D-81 1.B41D-d1. . *, 

6, @88D-81 2. 741D-#i . : * * , : 
8.1880-G1 2.990D-81 . : : * 


JOB CONCLUDED 
TOTAL JOB TIME 5.48 


Figure 12.12 Output File DI-VA.OUT. 
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current I(V-ID) versus diode voltage. At 600 mV, the diode 
current is 0.1188 mA, while at 810 mV the current has risen 
to 399.0 mA. Without the optional plot limits, SPICE would 
automatically have scaled the plot differently, resulting in 
a more compressed plot with less resolution. 


EXAMPLE 12.3.2, FETINV.CIR 


The junction field-effect transistor test circuit of Fig. 
12.13 uses a SPICE default N-channel JFET. A graph of drain 
voltage versus gate-source voltage is desired. The gate- 
source voltage (VBATTERY) is stepped from -2.5 V to 0.5 V in 
steps of 100 mV. 

Input file FETINV.CIR is shown in Fig. 12.14. The only 
specification for the JFET in the .MODEL line is NJF, so all 
the default parameters for JFETs will be used by SPICE. How- 
ever, the element line for the JFET contains an area factor 
of 8. This means that the physical area of JFET J is 8 times 
larger than the default JFET, and several of the JFET parame- 
ters will be affected. See Chap. 84 for an explanation of 
the area factor. Notice that the element name of the JFET is 
simply J. If there were another JFET in the circuit, it 
would have to have another name, such as J2, JA, JBUFFER, 
etc. 

Output file FETINV.OUT in Fig. 12.15 contains two of the 
JFET parameters (VTO and BETA) and a graph of drain voltage, 
V(3), versus gate-source voltage, V(A4). Since V(3) was 
listed first in the .PLOT control line, it is plotted with as- 
terisks and the values are printed as well as plotted. V(4) 


voo = 10 Vv 


RO 
10K 


jm jG 


VBATTERY —— [eo] 


Figure 12.13 JFET Circuit. 
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FETINV.CIR N-CHANNEL JFET INVERTER, TRANSFER CHARACTERISTIC 
J 3 4 6 MODI 8 


«MODEL MODI NJF 

VBATTERY 4 8 DC 

VOD 76 19 

RD 7 3 19K 

«DC VBATTERY -2.5 @.5 .1 
PLOT DC V(3) (8, 18) VC4) 
OPTIONS NOPAGE 

END 


Figure 12.14 Input File FETINV.CIR. 


Jaen 1/22/07 Demo PSpice (May 1986) sHe19: 43: 5EEE 
FETINV.CIR = N-CHANNEL JFET INVERTER, TRANSFER CHARACTERISTIC 
He CIRCUIT DESCRIPTION 


JAE EHH EEE HEE ee 


J 3.4 6 MODI 8 
»MODEL MOD NJF 

VBATTERY 4 9 DC 

VDD O67 66 Ma 

RD 73 1k 

«DC VBATTERY -2.5 @.5 ot 
sFLOT DC V(3) (8,18) V¢4) 
«OPTIONS NOPAGE 

«END 


eet JFET MODEL PARAMETERS 


MODI 
TYFE NIF 
VTG -2. 4868 


BETA 1. @aD-#4 


Figure 12.15 Output File FETINV.OUT 
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HEE DC TRANSFER CURVES TEMPERATURE = 27.999 DEG C 
LEGEND: 
#: V(3) 
+: V4) 

VBATTERY  V{3) 
(€)----ee== G09D+09 «= 2.500D+90 «5 G0ODIS = 7.SGODOG |= 1 AOSD +I 
(t)s-eeersseo- -3,900D+0G «= -2.0GD+MA = -1, SODAS S09D+GG = 1 DAG 
-2, 5000108 1. 0000481 . + # 
-2, 4900405 1.000001 . + ¥ 
-2,30GD+GG 1.080091 . Pox : : ¥ 
-2, 208D+90  1.000D+91 . +, : : * 
~2, 1990400 1, 000D+81 . +, : : * 
~2, GOMD+G9 1.000D+81 . + * 
-1.900D+8G 9, 9200409 . t € 
-1,8000+09 9.489D+00 . et : ; ¥ 
-1,700D+99 9, 200D+08 . : : : # 
-1,6900+09 8. 720D+09 . at ot : ‘ * ‘ 
-{ ® Saad +ae 8. ggaD+00 ‘ . + 4 » # a 
-1.4000+00 7. 1200488 . + ey ‘ 
-{, 3800400 4. OBED+GE . . + % : : 
~1, 2000408 4. 080D+90 . z +, . , 
-{, 1900498 3, 520D+09 . » #* +, ; : 
-1,090D+89  2,.9000+00 . *, + : : 
-9, 400-81 8. 4410-91 2 % s st a e 
-B,990D-01 6,761D-81. * : + . : 


-7.9000-G1 5.838D-#1. # : ae : 


-6. 6000-91 S.193D-81 . # . + ‘ 
-5, 9000-91 4. 7890-81. * ; + ' 
-4, 9990-81 4, 321D-91 . # + 
-3.000D-01 4.900D-G1 . * : + 
-2.0000-61  3,.7290-#1 . ts 
~1, 0900-01 3.496D-@1 . + . +, 
~{.11@0-16 3.293D-@1 . # + 
1.@00D-1 3.114D-#1 . # i+ 
2,0000-91 2.955D-81 . # ' . . + 
3,.990D-91  2,815D-91 .* : : » + 
4,000D-01 2.a84D-@1 .+# : ‘ . + 
5,090D-01 2.568D-01 .* . : ; + 
JOR CONCLUDED 
TOTAL JOB TIME 7,68 


Figure 12.15 (Continued). 
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is plotted with plus signs, and its value can only be estima- 
ted from the scale (-3 V to +1 V). 


EXAMPLE 12.3.3, TTLINV.CIR 


Figure 12.16 is a schematic diagram of a TTL 7404 inverter. 
The output is connected to a 2K ohm pull-up resistor. In or- 
der to determine the transfer characteristic of this circuit, 
a DC source (VIN) will be stepped from 1.3 V to 1.7 V in in- 
crements of 10 mV. This is the range of input voltage within 
which the output changes from logical 1 to logical 0 at room 
temperature. 

The input file in Fig. 12.17 shows that the diode uses 
the SPICE model, and the four transistors use the SPICE model 
except that forward beta is set to 50 (default value is 100). 
The .PLOT control line requests a graph of output voltage and 
input voltage versus input voltage. 

Contained in the output file of Fig. 12.18 are the diode 
saturation current, IS, and five of the transistor parameters 
(IS, BF, NF, BR AND NR). The graph shows that the output 
voltage is nearly 5 V_ until the input voltage increases to 
about 15 V. As the input voltage rises from 1.5 V to 1.62 
V, the output monotonically decreases, although with a dis- 
continuity at about 1.53 V. For input voltages above 1.63 V, 


vec = 5S Vv 


APULLUP 
2k 





Figure 12.16 TTL Inverter Circuit. 
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TTLINV.CIR 7484 TTL INVERTER CIRCUIT, SWEPT DC INPUT 
vec Db 5 


4 @ 
VIN 1 8 DC 
RBQ1 6 4 2 4K 
RCQ2 4 3 LK 
REQ? 6 8 OIE 
RCO 4 7 138 
RPULLUP 4 69 2K 
DOQUTPUT 8 9 DI-NOD 
Gi 2 2 1 G-NOD 
a2 53°93 6 GOD 
a 7 5 8 Q-NOD 
a 9 6 @ &MOD 


4 
«MODEL DI-MOD D 
«MODEL G-MGD NPN(BF = 5d) 

»OPTIONS NOFAGE 

DC VIN 1.3 1.7 @.@1 

»PLOT DE V(9,8) (8,5) Vdl,@) (1,2) 
END 


Figure 12.17 Input File TTLINV.CIR. 


the output is less than 30 mV, indicating that transistor Q4 
is well into saturation. 

One note of caution: in a circuit which is bi-stable, 
such as a Schmitt trigger (a TTL 7414 IC is one example), the 
use of DC analysis can be problematic. In the DC analysis, 
previous circuit values are not taken into consideration when 
calculating circuit conditions for the next input voltage. 
Since there are two possible stable output voltages for a giv- 
en input voltage (depending on whether the input voltage is 
going up or going down), SPICE may fail to converge or may 
give incorrect results. 

A better way to analyze a bi-stable circuit is to use a 
piece-wise linear (PWL) source with a triangular shape and 
perform a transient analysis. When a transient analysis is 
done SPICE does "remember" the previous circuit conditions 
when calculating at the next time increment. 


12.4 AC ANALYSIS 
EXAMPLE 12.4.1, LOPASS.CIR 


The R-C circuit of Fig. 12.19 is connected to a 1 V_ sinu- 
soid. It should have a half-power, or -3 dB, frequency of 
500 Hz. SPICE AC analysis will be used to generate a Bode 
plot (graph of the magnitude and phase of the output voltage 
versus frequency) of the circuit response. 
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JAH 1/22/87 Demo PSpice (May 1986) #eee#e1 9:59: 29S 
TTLINV.CIR ©7484 TTL INVERTER CIRCUIT, SWEPT DC INPUT 
ee CIRCUIT DESCRIPTION 


JHE HE EEE 


wee 4 6 6 OS 

VIN i § DC 

RBGL 4 2 AK 

RCQ2 4 5 1.6K 

REQ2 6 @ ik 

RCQZ 4 7 136 

RPULLIF 4 

DOUTPUT B 9 DI-MOD 

Qi SZ Q-NOD 
2 3 3 6 Q-M0D 

gS 7° 3 8 Q-NOD 

a4 9 4 Q-MOD 


§ 
MODEL DI-MOD D 
«MODEL Q-MOD NPN(BF = 59) 
OPTIONS NOPAGE 
-DC VIN 1.3 1.7 9,91 
one V(9,9) (8,5) Vii, @) (1,2) 


ee DIGDE MODEL PARAMETERS 


DI-MOD 
IS 1,8@D-14 
ee BJT MODEL PARAMETERS 


Q-MOD 
TYPE NPN 
15 1.88D-16 
BF 58.998 
NF 1,068 
BR 1.898 
NR 1,889 


Figure 12.18 Output File TTLINV.OUT. 
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ee DC TRANSFER CURVES TEMPERATURE = 27.808 DEG C 
LEGEND: 
#: V(9) 
+: VCL) 

VIN C9} 
{B) one no 9900199 «= «1. 2500499 «= 2. 5GODAA = 75GD+S = 5. AED 
[Fence cere 1.900D+00 1.250000 1.500DeRS  1,750D+I0 «2. GSD +09 
1, 208D+09 5.d00D+8G . .¢ + 
1. 2100180 4,999D+80 . . + ¥ 
1. 32@D+90 4.999008 . oot t 
1, 3358D+83 4.9990+80 . . + * 
1. 240D+0G 4. 998D+08 . . + % 
1.350D+88 4.9970+00 . ' + % 
1. 3O8D+06 4,.996D+09 . ‘i + i ; + 
1.270D+0¢G «4.993008 . , + : ‘ * 
1.200088 4.991009 . ‘ + ‘ % 
1.299009 4. 984D+20 . ‘ + : * 
1,400D+08 4,908D+08 . ‘i + i * 
1.419010 4.971D+09 . 7 + 4. Z % 
1.420D+0@ 4, 950D+08 . ‘ + ‘ + 

ABODE «49390408 . ; + : * 
1,440D+98 4.912D+08 . i + 8 ‘ % 
1.4580+08 4,972D+00 . 3 #2 a : % 
1, 46@D+00 4. B15D+08 . : Ho i # 
1.479D+0@ 4, 732D+08 . j +, : * , 
L.4BGD+92 4. 511D+088 . ‘ +, i * , 
1.4900+90 4,436D+08 . 7 +, . % Fi 
1.500D+20 4, 183D+08 . ; + : ¥ 
1.519D+88 3.818D+80 . : it 

L.528D+GG 3. 295D+88 . ‘ it t , ‘ 
1.559009 2. 558D+00 . : t+ ‘ : 
1 54q0+@8 2, ol GD+88 . : #.+ ; ‘ 
1. S50D+88 2.1990+08 . é * . + 

1.560040 2.087D+00 . ; # . + 

1.5790+80 1.957D+88 . : # . + 

1,503D+00 1. 797D+80 . : # - LF 

1.598D+9¢ 1.590D+89 . . # ‘ + 

{, 6000488 1. 748D+ae . at ; + 

1.619D+98 1.G34D+09 . %, : + 

{,4280+88 6.499D-#1 . # ‘ ‘ + 

1.O380+088 2.946D-82 + i ‘ + 

1.540040 2,B85D-i2 * + 

{.458D+86 2.839D-82 * + 

1.4680+08 2, 084D-82 * + 

1.478D+88 2.779D-82 * + 

{.ag8D+ad 2. 7610-82 * + 

1.A99D+98 2,7480-82 # + 

1, 7@aD+88 2, 7239D-82 + 


JOB CONCLUDED 
TOTAL JOB TIME 22.08 


Figure 12.18 (Continued). 
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fs] os. EJ 


ek 


a 0.459 uF 


[2] 


Figure 12.19 R-C Low-Pass Filter Circuit. 


The input file LOPASS.CIR in Fig. 12.20 calls for the 
source voltage V to be stepped from 5 Hz to 0.5 MHz logarith- 
mically, with 5 steps per decade of frequency. The output 
voltage (at node 5) is to be plotted in decibels. 

Figure 12.21, LOPASS.OUT, contains a very uninteresting 
small signal bias solution (everything is zero) since there 
are no DC sources in the circuit. The graph of VDB(5) shows 
that the output voltage magnitude is essentially 0 dB at 5 
Hz, falls to -3.006 dB at 500 Hz, and then linearly (on a log- 
arithmic frequency axis) falls off at -20 dB/decade. For ex- 
ample, 500 KHz is 3 decades of frequency above 500 Hz, and 
the output at 500 KHz is -59.99 dB. 

The phase of the output voltage starts at O degrees, is 
-45 degrees at 500 Hz, and asymptotically approaches -90 de- 
grees as frequency increases above 500 Hz. 


EXAMPLE 12.4.2, WEIN.CIR 


The Wein bridge network is frequently used to determine the 
frequency of a low frequency R-C oscillator. Figure 12,22 
shows half of a Wein bridge, which is the interesting and 
more difficult to understand half (the other half is two re- 
sistors in series). In order to see the response of the net- 
work with the output at node 6, the input voltage will be 


LORFASS.CIR © 1-POLE R-C LOW PASS FILTER, AC ANALYSIS 
V 308 A i 

R 2 oo ZB 

C 5 ¢ 

x 


AC ; 5, 

-PLOT AC VDB{S) {(-68,8) VP(S) (-98,8) 
sOPTIONS NOPAGE 

-END 


Figure 12.20 Input File LOPASS.CIR. 


eeeeeeee [/22/O7eeeeeees Demo PSpice (May 1966) #eeeeeei 9: 47: 1oeeeeeeee 
LOPASS.CIR 1-POLE R-0 LOW FASS FILTER, AC ANALYSIS 


eee © CIRCUIT DESCRIPTION 
KEFEEEEEEEE ESET ERE REESE EEE EKER EEEEEE EELS SEERA EERE EERELEL ERLE EEE 
vo o36 «i 

R35 & 

c |0OUS8 68 S9U 

* THE RC VALUES GIVE A CORNER FREQUENCY OF 50a HZ 


ES 
SMEG 


AC DED 5 5 §, 
(60,9) VP(S) (-98,9) 


"PLOT AC VDRIS) 
“OPTIONS NOPAGE 
TEND 

4444 SMALL SIGNAL BIAS SOLUTION TEMPERATURE 
NODE VOLTAGE © NODE VOLTAGE 

eg (5) OD 

eee AC ANALYSIS TEMPERATURE = 27.808 DEG C 

LEGEND 
#: VB 
+ URIS! 

FREG «== DBS) 
Ge “5.000001 -4, 500081 3.000001 -1. 50D «= EDS 


(4) eee rseseces 2.000081 -6. 75881 4 SED] | - 2. ZMH OED +E 


O MOGDTaG -4, 2ID-84 
7. 524Dea6 -L BODE}. 
L.2ueb+e) -2. 7240-83 . 
L.F91D+8i -6. 0640-83 . 
3.155D+81 -1.722D-82 . 
SMD] -4. 3130-82. 
7,924D+81 -1. 8750-81 . 
L,256D+82 -2,6520-@1 . 
L.991D+82 -6.378D-8i . 
J LSD LADS. 
5. GeOD+G2 -LBBeDHEO . 
7 F24D+82 -T.4490+08 
1. 256D+03 -2.632D+8¢ . 
L.Q91D+#3 -1,226D+81 
3. iGUE+S -1. G18Dei . 
SGBODtES -2.GL 
7.924Dt82 -2.401t8i 
1, 256D+84 -2, 8000401 . 
L.O91D+84 -ZLi9sD+el . 
3, 1SD+H4 -3. 5990481 4 
3. O8GD+84 -2, 299081] + 
+ 
+ 
+ 
x 


27.809 DEG C 


ted 
se 


mm fe 
a an 


7. 7240+G4 -4, 2990+ 4 
L.2oaDteS -4,799D+81 + 
P91 -B 19g 4 
3. ISDS ~5. 5790 
5. 8SOtGS -3. P9981 

JOB CONCLUDED 

TOTAL JOB TIME 5.78 

Figure 12.21 Output File LOPASS.OUT. 
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Figure 12.22 Wein Circuit. 


swept logarithmically from 10 Hz to 1000 Hz with 15 frequen- 
cies per decade. 

The input file in Fig. 12.23 calls for the output voltage 
magnitude and phase to be printed in a table and plotted on a 
graph versus frequency. Notice that the two resistors are 
the same value, and the two capacitors have the same value, 
although they are specified differently. 

As shown in Fig. 12.24, the table of output voltage in 
polar form does not lend itself readily to interpretation. 
One can easily note, however, that the phase becomes nearly 
zero (0.01081 degrees) at 100 Hz , and is positive below and 
negative above that frequency. The magnitude and phase of 
the output are easily seen in the graph of VM(6) and VP(6) 
versus frequency. The Wein circuit produces zero degrees of 
phase shift at only one frequency, which is the frequency 
where the output amplitude is a maximum. 

Since at 100 Hz the input voltage is 1 V, 0 degrees, and 
the output voltage is 0.3333 V, O degrees, the gain of the 
circuit is 1/3, 0 degrees. In order to make an _ oscillator 
with this circuit, a non-inverting, or angle 0 degrees gain 


WEIN,CIR  WEIN-BRIDGE NETWORK, EQUAL R, EQUAL C 
Vy 89 AC I 


RTOP 8 oO? ok 
CTOP 867 & 796N 
RBOT 6 @ 2E3 


CBOT 6 @ .79OU 
“AC DEC 15 18 1888 
«PRINT AC VM{&) VP(6) 
-PLOT AC VM{&) VF (4) 
-OFTIONS NOPAGE 

END 


Figure 12.23 Input File WEIN.CIR. 


eee] 1/22 /87eeeeeeeE Demo PSpice (May 1986) eeeeeee2G: 02: 4Geeeeeeee 
WEIN.CIR = WEIN-BRIDGE NETWORK, EQUAL R, EQUAL C 
#E34 CIRCUIT DESCRIPTION 


JHE EEE EE 


V 8 @ Ac i 
RTOP 8 7 2k 

CToP «= 7 = 6& «6796N 
REOQT 6 # ZES 

ChOT 386 @ .796U 

AC DEC 15 18 i8g¢ 


:PRINT AC VM(6) VP{4) 
«PLOT AC VM(6) VE(&) 
-GPTIONS NOFAGE 

«END 


EAEE SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27,008 DEG C 


NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 
{ 4) A cr 9008 = (iB) » 9009 


HEH AC ANALYSIS TEMPERATURE = 27,808 DEG C 


FREQ VM (6) VP (6) 


1, @8GE+91 9. 6696-92 7. S14E+81 
1, 166E+81 L.114E-@1 9 7. GA7E +81 
1. S59E+81 L.279E-@1 6. 7436481 
1. SO5E+81 L.462E-@1 6, S99E+G1 
1, B48E+#1 1.O68E-01 6. G14E+H1 
2, LS4E +81 L.B71E-81 5. SBdE+81 
2. G12E+81 2.099E-B1 3, LIBE+81 
2. F29E+8l 2. S19E-G1 4, G1SE+H1 
3. 415E+g1 2.d2ue-O1 4, A7bE +91 
3. MBI E+E 2.720E-$1 9 3 SLE +i 
4, O42E+81 2. 704E-G1 2. T39E +81 
oe ALZE+@] S.@56E-G1 2. SOSE+81 
&. 3186 +81 S:A77E-@1 1. 763E+81 
7. S5OE+G1 S.264E-@1 LL A7SE+81 
B.S77E+Hi S.S1GE-@1 5. BODE +08 
1, 9BGE+82 a 

1, 166E+82 S.S16E-@1 -5..B77E+99 
1, 3O9Et@2 3. 2636-1 --1. 176E+91 
1, SBSE+82 S.176E-@1  -1. 765E+91 
1. B48E+92 S.G56E-@1  -2, S55E+81 
2. LS4E+82 2. 964E-81 -2. 941 E+G1 
2.01 2E+82 2. 7256-81 -3.S1BE+91 
2. 929E+92 ZeJ24E-H1  -4.97BE+81 
3. 415E+92 2.509E-G1  -4. G15E+H1 
3. 981E+82 2.989E-81  -5. 1L28E+81 
4, bA2E+82 L.B79E-@1 -5, S88E+8i 
a. 442E+82 L.659E-G1  ~6. G1 5E+81 
6. GE+82 L.461E-@1  -b.4G1E+8l 
7. S56E+82 L.279E-G1 -6. P44E+Gi 
8. S77E+82 1.114E-@1 -7, @4BE+#i 
1. OBGE+83 9. 6646-92 -7, 315E+at 


Figure 12.24 Output File WEIN.OUT 
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FREE AC ANALYSIS TEMPERATURE = 27.988 DEG C 
LEGEND: 
% VM(4) 
+: VP (4) 

FREQ VM (6) 
(E)paestseeess &.518D-82 1.800D-81 = L.S85D-81 = 2.512D-@i = 3. 98 1D-a 
(h)ssoseoeea “1.900092 «= -5, @G9D+01 et a ts Se 
1, G@OD+G1 7.669D-82 . *, : ; + 
1.166D+0i i.114D-@l . > # . .  ¢ 
L.359D+G) 1.279D-1 . : * ‘ 2 ot 
LSBoDtg1 = 1.462D-41 . ‘ #, ae ot 
{,B40D+G1 1.46@D-f1 . : .* .¢ 
2 154D+#1 = i.B71D-1 . : » & + . 
2.120481 2. 898D-G1 . : : * + ' 
2.9290+91 2.3019D-G1 . : ¥, : 
S.445D+G1 2.525D-81 . . ' + * ' 
S.981D+#1 2. 7250-81 . . ' $a 
46420401 2. 904D-G1 . : : + , 
S.4420+91  3.056D-81 . . ' + . * 
&,S1MD+i S.177D-8l . , + : * : 
7.NGD+G1 3. 2640-81 : . ¢ : * : 
8.577081 3.31D-81 . + : * 
L@OD+G2 3.333D-41 . . + . : 
1,166D+92 3.214D-a1 . : +, ‘ # 
1.359082 3,2630-@1 . ‘ +. . ¥ 
1,585D+92 3.174D-81 . : A hg : * 
1,B48D+92 3.@54D-81 . ' + ‘ ‘ # 
2 154D+82 2. 984D-81 . . + . » # 
20120492 2,725D-81 . » + : » * 
2.729082 2,024D-G1 . + : ¥ 
3.415082 2,309D-81 . it : *. 
3.98iD+82 2,.8B9D-1 . + ; * 
4,d420+02 1.878D-H1 . +, » # 
S.4t2D+82 1, 6590-81 . +, at ‘ : 
4.319D+82 1,461D-al . +, *, ‘ ' 
7, 356D+#2 1,279D-91 . ee * ‘ . ' 
8.077082 1. 114D-81 . + , # . . 


1. BeD+G3 9.46640-82 . + 4%, 


JOB CONCLUDED 
TOTAL JOB TIME 7.19 
Figure 12.24 (Continued). 
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of 1/(1/3), or 3 would have to be provided. This is true on- 
ly if the resistors are equal and the capacitors are equal. 


EXAMPLE 12.4.3, LCMATCH.CIR 


The circuit in Fig. 12.25 would be troublesome at best to 
analyze by hand at a single frequency. It is a matching net- 
work, which is to be used at several frequencies. However, 
ROUT and COUT, the resistive and reactive parts of the load 
impedance, vary with frequency. For this reason the analysis 
will be at 2 MHz only. 

The input file of Fig. 12.26 calls for an AC analysis at 
one frequency, with six voltages to be printed. The load re- 
sistance is ROUT between nodes 5 and 6, and the voltage 
across ROUT is to be printed as a magnitude and in decibel 
form. 

If the 2 V input source (VIN and RIN) were connected to a 
matched resistive load of 50 ohms, the load would have 1 V 
across it (and RIN would drop | V). Figure 12.27 is the out- 








Figure 12.25 LCR Matching Network. 


ee coe NETWORK, SINGLE FREQ. AC ANALYSIS 


cS 
ot 


125P 
550P 


aed 


rc 
hh 
Ch CON ee Be OA Ged Po ee 
fS Oe tr C1 Sp ee A ee BO 
hI 
2 
tc 


8 
+ CONTROL LINES FOLLOW 
:AC LIN 1 2MEG 2MEG 
sPRINT AC VM(2)) VM(2,3) VM(4) VM{4) 
«PRINT AC VM(5,6) YDB(5, 4) 
ee NOFAGE 


Figure 12.26 Input File LCMATCH.CIR. 
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JHE! 1/22/87saHHEE Demo PSpice (May 1986) se#e19: 45: 24a eee 
LCMATCH.CIR L-C MATCHING NETWORK, SINGLE FREQ. AC ANALYSIS 
JHE CIRCUIT DESCRIPTION 


FABER EERE IIE ae eae eae ap 


VIN 1 9 AC 2 
RIN i 2 &@ 
Cl 2 @ 125P 
C2 2 3° 950P 
Li 39 3.00 
L2 3.4 2.9 
C3 4 @ iB4P 
L3 45 6.10 
RP of 719 
ROUT 5 6 8.3 
COUT =& 


agP 
* CONTROL LINES FOLLOW 
LAC LIN { 2MEG MEG 
SPRINT AC VN(2) VM(2,3) VM(4) YM{6) 
SPRINT AC VM(5,4)  VDB(5, 4) 
OPTIONS. NOPAGE 
END 
#44 SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.900 DEG C 


NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


( 1) 8099 (2) G5 8 8G (AM) - 9006 
{ 5) en + 9689 
HE AC ANALYSIS TEMPERATURE = 27. 28@ DEG C 


FREQ VM(2) VM(2,3) VM(4) VM (4) 


2, MEGE+ES SeA7IE-@1  2.51GE+88 |= TL G3BE+AM «= «3 27GE +88 
tet AC ANALYSIS TEMPERATURE = 27,988 DEG C 


FREQ VM{5, 6) VDB(5, 6) 
2. GGGE+94 F.B61E-$4 6, 01 2E +81 


JOB CONCLUDED 
TOTAL JOB TIME 5.18 
Figure 12.27 Output File LCMATCH.OUT. 
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put file which shows that the voltage across the load ROUT is 
0.9861 mV, or -60.12 dB below 1 V. Obviously, this is not a 
high-efficiency matching network. Some of the _ voltages 
across reactances (VM(4) and VM(6), for example) exceed the 
input voltage; this is indicative of some resonance effects 
occurring in the matching network. 

One of the limitations of SPICE is shown here, which is 
that a load which is frequency-dependent can not easily be 
described to SPICE. Antenna impedances are one common 
example of this type of load. Since the load impedance is a 
function of frequency, the input file must be edited (for 
load impedance) and a SPICE analysis must be done separately 
at each frequency. 


EXAMPLE 12.4.4, SERIESAC.CIR 


It is sometimes useful to be able to graphically compare the 
performance of two circuits. In this example the frequency 
response of two series resonant circuits which are identical 
except for the loss resistance in each will be compared. 
SPICE will plot the results on one frequency axis, to make 
the comparison easy. 

Figure 12.28 illustrates the two circuits which are con- 
nected in parallel across a voltage source; in this way a sin- 
gle plot of two response curves can be made. A similar tech- 
nique can be applied when a current source is the input by 
placing the two circuits in series. 

Each circuit is resonant at 20 KHz; they differ in the 
series loss resistance, which determines quality factor Q and 


63.33 nF 4 mH 4 mH 63.33 nF 





Figure 12.28 Two Series Resonant 
Circuits. 
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Seen Oe = sees RESONANT CIRCUITS, ONE SOURCE 


# LEFT SIDE SERIES CKT FOLLOWS, @ = 13 
LL i 2 1M 

CL 2 3 &3.35N 

RL 3.8 18 

# RIGHT SIDE SERIES CKT FOLLOWS, @ = 42 
LR 1 5 16-3 

CR 5 6 4336-8 

RR 6 8 3 

£ CONTROL LINES FOLLOW 

cAC LIN 21 15K 25K 


sPLOT AC V3) Vid) (1,1) 
»DPTIONS NOPAGE 
END 


Figure 12.29 Input File SERIESAC.CIR. 


bandwidth. The source, V, will be swept linearly from 15 KHz 
to 25 KHz, and the voltage across the two load resistors will 
be plotted. The input file, Fig. 12.29, shows the control 
lines which will accomplish this. 

The graph in the output file of Fig. 12.30 shows the 
graph of resistor voltage versus frequency for the two cir- 


eee 1/22/87 Demo PSpice (May 1986) seeeeeel 9: 5: 1Geeeeee ee 
SERIESAC.CIR TWO SERIES RESONANT CIRCUITS, ONE SOURCE 
HE CIRCUIT DESCRIPTION 


EHEAEEE EE TEI EERE EEE TERRE TERETE TEETER EEE EEE REE TE ETE 


V 1 9 AC i 

# LEFT SIDE SERIES CKT FOLLOWS, @ = 123 
LL 1 2 IM 

CL 2 3 43.5 

RL 3.8 18 

# RIGHT SIDE SERIES CKT FOLLOWS, @ = 42 
LR 1 5 1E-3 

CR 5 6 6,33E-8 

RR 


6 @ 3 
% CONTROL LINES FOLLOW 
«AC LIN 21 15K 25K 
»PLOT AC V(3)) V(d) (1,1) 
ae NOPAGE 


Figure 12.30 Output File SERIESAC.OUT. 
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eee SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27,808 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


( i) M008 (2) 2809 (2 G9 3) 9988 


{ 4) +4509 
HE AC ANALYSIS TEMPERATURE = 27.900 DEG C 
LEGEND: 
#: (3) 
+: V(b) 
FREQ V3) 
(Bt) -nn-ne nee 1.@08D-G1 1.778D-#1 3.162D-81 5.6230-81 1. a00D+00 
(csebeet Tizedat | 


1, d0@D+84 1.742D-81 
1.6500+84 2.¢14D-d1 . 
1. 798D+84 2. 369D-1 
{,75@D+94 2,849D-81 . . * 
{.890D+84 3.528D-81 
L.850D+84 4,544D-81 
1,900D+04 4, 136D-01 : 
1.958D+84 9.449D-01 . . ; + . 
2, 9990+04 1, 000D+060 . . ‘ : x 
2,8080+94 8.493D-81 . ' : + : * , 
2.198D+84 4. 316D-O1 . ‘ + : . # 
2.150D+84 4.816D-91 . +, : * 

2.208D+84 3.846D-91. + : . * : 

2.200084 = 3.193D-91 : . 
2. 300D+84 = 2.7290-81 . . % 

2.508D+84 2.385D-81 . : # . : 
2,400D+84 2121-81 . . * ‘ : 
24500494 1.911D-81 . _# . ' 
2. 0000404 1. 7410-41 . ¥ 


= 2 mee 


"-s « 
> 
+ 
- « 
+ 


* 
ese ws ew wwe 


+ 
= oe 


JOB CONCLUDED 
TOTAL JOB TIME 6.48 


Figure 12.30 (Continued). 
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cuits. SPICE normally would scale each plot differently; in 
order to compare the two responses, the plot limit (0.1,1) 
was put in the .PLOT control line. This plot limit affects 
both V(3) and V(6). Because of this, some of the data points 
for V(6) do not fit on the graph. 

However, it is easy to see that at 20 KHz both circuits 
have the same maximum output, indicated by an X on the 
graph. The V(3) plot (asterisks) shows a much wider band- 
width than the V(6) plot (plus signs). This means that the 
left circuit, with a resistance of 10 ohms, has a lower Q0 
than the right circuit which has a resistance of 3 ohms. 


EXAMPLE 12.4.5, DUBTUNE.CIR 


The analysis of a circuit containing an RF transformer with a 
coefficient of coupling less than 1 is somewhat tedious, even 
at a single frequency. To get a frequency response plot is 
not a task anyone would enjoy (or have time to do) by hand. 
Figure 12.31 illustrates such a circuit, which is fed by a 
current source. 

One limitation of SPICE is apparent in this circuit; each 
node must have a DC path to ground so that a small-signal bi- 
as solution can be found. This is true for any circuit, even 
if the bias solution is meaningless due to the fact that 
there are no DC sources in the circuit. Resistor RDCPATH is 
added to the circuit so that each node will have a DC path to 
ground. As shown in the input file, Fig. 12.32, RDCPATH has 
a value of 1E12 ohms, so it should not change the circuit per- 
formance very much. 

Both primary and secondary windings of the transformer 
are resonant at 2 MHz, and the coefficient of coupling is 
greater than optimum coupling. This means that the trans- 


C5] 










AL 
ASOURCE 30K 
100K 





ADCPATH 
1€&12 


Figure 12.31 Double-Tuned RF Transformer. 
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DURTUNE.CIR DOUBLE-TUNED OVER-COUPLED RF TRANSFORMER 
ISOURCE 9 5 AC GSM 

RSQURCE 5 9 180K 

CPRIM 5 9 316.63P 

RPRIN 5 6 2 

LPRIM 6 8 28U 

KP-S = LPRIM LSEC #19 


LSE st 32 
RSEC =O1 2 2 

cSeC 2 3 31h. 65P 
RL 2 3 3K 


RDCPATH 3 @ 17 

«AC LIN 41° 1,8MEG 2. 2MEG 
«PLOT AC VM(2,3) (8.3,9) 
<OPTIONS NOPAGE 

»END 


Figure 12.32 Input File DUBTUNE.CIR. 
former is overcoupled, and will have an undesirable frequency 
response. 
Figure 12.33, the output file, shows the classic double- 


peaked response, where the output is a maximum at two frequen- 
cies, neither of which is the resonant frequency of 20 MHz. 


eB 1/22/87 eeE Demo PSpice (May 1906) #eeeEELD: 4G: 4] eeEHER EE 
DUBTUNE.CIR DOQUBLE-TUNED OVER-COUPLED RF TRANSFORMER 
ee CIRCUIT DESCRIPTION 


JAE EEE EE EE gE 


TSQURCE i 3 AC 9.0M 
RSQURCE 3 8 100K 
CPRIM 5 8 315.65P 
RPRIN 3 6 2 

LPRIN 6 § 26U 

KP-S LPRIN LSEC 9.18 
LSEC 61 3 20U 

RGEC «61 2 2 

CSEC 2 3) H4.65P 

RL 2 3 JOR 

RDCFATH 3 @ 


IT 
.AC LIN 41 1.8MEG 2. 2MEG 
«PLOT AC VM(2,3) (#.3,5) 
-OPTIONS NOPAGE 
END 


Figure 12.33 Output File DUBTUNE.OUT. 
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SHE SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.008 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 
( f) 9098 (2) es ) +9098 = 5) 4009 
{ 4) 4099 

HE AC ANALYSIS TEMPERATURE = 27,900 DEG C 


FREQ = VM(2,3) 
3.9000-31 4.0620-81 1.225009 © 2.475008 5, Gag 


1.808D+06 3.797D-01. + 
1,.B16D+66 4,324D-41 . * 


1,826D+86 4,979)-81 . , 

1.8300+04 5,.815D-01 . %, 

1,840D+86 6.902D-01 . # 

1,Q50D+86 8.374D-81 . ; % . 

L.BO@D+# 1.450409 . : t, ‘ 

1.8700+86 1.356D+0¢ . , 7 t : ‘ 
L.800D+86 1.856D+09 . : é Ea : 
L,B9OD+85 2, 731D+00 . iz = .# ' 
1. 98GD+96 = 4, 198D+00 . ' . : ', 
L.718D+#6 4, B92D+08 . . . ; : * 
L.920D+06 3, OB6D+aG . : 2 : * : 


L.230D+86 «2. 691D+00 


* 
oe 


1.74006 2.118040 . ‘ . *, : 
L.75eD+gs 1. 7760+09 . : ' * 

1.768D+86 1, 559D+88 . ’ » # : ' 
L9700+86 14170400 . : » # : : 
17080486 1. 224d . .* ; 

1.9990D+86 1, 266D+89 . ’ # ‘ ‘ 
2,838D+06 1. 235D+08 . . * . : 
28190486 1. 2290408 , : # : ‘ 
2.820006 1, 246D+08 . : t 

2.9360+86 1, 2880+99 . . * 

2, 2490405 1, 369D+80 . : # 

2.950D+06 14720409 . . . # 

2.960056 1. O41D+88 . ' » #* 

2.978095 1. 900D+03 . . . Ene 

2.888006 2. 3100488 . : ‘ *, 

2.098096 2. 986D+89 . * . . # 

2, 198D+86 3. 97hD+08 . ’ : : * 
2.1i@DGd 4. F14D+80 . : ‘ : * 
212886 3.190006 . : : . # 
2,138D+96 2. 166D+86 . : * 5 

2. 148D+86 1, SSID . : » & 

2.158086 L.74D+ae . : Lm 

21600404 9,2700-81 . ‘ eo. 2 ‘ 
2178D+96 7,5550-81 . . # ‘ . : 
2, 188D+06 6. 3070-81 . .* 2 : : 
2.190D+96 5.364D-81 . *, 

2,208D+86 4, 638D-1 . % 


JOB CONCLUDED 
TOTAL JOB TIME 8.58 


Figure 12.33 (Continued). 
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This is a good illustration of the concept of reflected impe- 
dance, in which the reactance of the secondary is reflected 
into the primary circuit and detunes the primary. 


EXAMPLE 12.4.6, 2AC.CIR 


A circuit with two AC sources is shown in Fig. 12.34. One is 
a voltage source, the other is a current source. The phasor 
voltage at node 5 is the unknown, over the frequency range of 
1 KHz to 2 KHz. 

The circuit requires a dummy resistor (as did Example 
12.4.5, above) to provide a DC path to ground for node 9. In 
the small signal bias solution, the capacitor and the AC cur- 
rent source are both open circuits. RDUMMY has a value of 1 
teraohm (1E12 ohm), which should have little effect on cir- 
cuit behavior. The .AC control line in Fig. 12.35 will cause 


CRIGHT 


ROUMMY 
1£12 





Figure 12.34 AC Circuit with Voltage and 
Current Source. 


2AC. CIR L,C,R CIRCUIT WITH V AND I SOURCE 

Vy 36 ACL 

I 69 AC 2 -W 

R 35 6 

L 7 @ 16-3 

CMID) 85 7 iu 

CRIGHT 5 9 28u 

RDUMMY 9 @ iT 

x RDUMMY PROVIDES A DC PATH TO GROUND FOR NODE 9 


»AC LIN 21 1K 2& 
sPRINT AC VM(S) VP(S) 
PLOT AC VM(S) VP US) 
OPTIONS NOPAGE 

END 


Figure 12.35 Input File 2AC.CIR. 
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an analysis to occur at 21 frequencies linearly-spaced be- 
tween 1 KHz and 2 KHz. Results of the AC analysis are both 
printed and plotted. 

Figure 12.36 shows the output file 2AC.OUT. The graph 
indicates that the voltage at node 5 is a minimum around 1.6 
KHz, and that the phase changes abruptly at the same frequen- 
cy. SPICE always expresses phase angles such that the magni- 
tude of the phase angle is 180 or less. Thus, what appears 
to be an abrupt change in phase angle may simply be due to 
how it is expressed by SPICE. 


EXAMPLE 12.4.7, 2HP.CIR 


Figure 12.37 shows two active filter circuits connected in pa- 

rallel across an AC voltage source. Each circuit is a second- 

order high-pass filter; the first has Butterworth response, 
Jen] 1/22/87 Demo PSpice (May 1984) #eeeeH419: 28: Ldeeeeeees 


2AC. CIR L,f,R CIRCUIT WITH V AND I SOURCE 
HH CIRCUIT DESCRIPTION 


FEE HEHEHE EEE 


Vy 3.8 AC i 96 
I 689 AC 2-3 
R 3.3 6 

u 7 @ 16-3 
CMID oS 7 


18U 
CRIGHT 5 9? 28U 
RUMMY 90 9 IT 
t RDUMMY PROVIDES A DC PATH TO GROUND FOR NODE 9 
»AC LIN 2i IK 2K 
»PRINT AC VM(S) VP(S) 
»PLOT AC VA(S) YP(S) 
-OPTIONS NOPAGE 
«END 
Het SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27,908 DEG C 


NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


( 3) 8908 = ={ 5) 8088 (7) IG {Y) « 3899 


Figure 12.36 Output File 2AC.OUT. 


#ERE AC ANALYSIS TEMPERATURE = 27,888 DEG C 
FREQ VMS) VP (5) 


 AGGE+83 9, 7O7E+HE -5. 761 E81 
BOGE+G3 9,AAME+HG -6, 0726181 
» LBGE+83 9, P32E+88 = -G6. 4146481 
LSE B.542E+88 -6.791E+8i 
» HOE BS 7. 9OGE+88 = -7, 2055481 
»2ude +82 7, 2756498 9-7. G5BE+81 
» MOGESG3 6.479688 = -8. LSLE+8i 
S5GE+83 S.co7E+#s 9-8, 6B3E+81 
4QGE+G3 4, S43b+ae = -9. 2496491 
ASGEHES 3424E+G = -9, B42E+81 
«MOET 2.200E+89 9-1. G45E+92 
SOME +2 L.PiSE+8S -1, 1B 7E+82 
 GMBEHES 2.830E-€1 6. S3GE+91 
ASGE+G2 LS77E+88 = 3. 745E+91 
« FAGE+E3 2 AT7ESG = SPIE +Gi 
» TOPEHES LAG3E+H | 4. G7TE+H) 
. BOGE+ES 4,387E+08 = 4, 195E+81 
BOGE +a2 S.1BGE+8S = 3, 7OBE+91 
GEES S.BB7EH8G = 3. SG1E+81 
« FOBE TES 6. A96EtHe = 3 ABZETGL 
2. GOBE+ES 7, G@25E+88 = 2,678E+81 


eee terete Geek eet pees nnete fresh Banh beets Pesto frente ace Dore Beier fete esate erate auras rte fret 
. . <8 


SHEE AC ANALYSIS TEMPERATURE = 27,888 DEG C 
LEGEND: 
#: YNGD) 
+: VPC) 
FREQ VA{5) 
(f} meno enna L.Q000-81  3.162D-81 1.08008 = =R12De = 1 D+ 
(t) mone eee en ne - 2. GGGD+82  -1, G08D+92 2OGD+8E = LL AGADHG2 «= 2, BD +8? 
1.2085 9.789008 . ; + . ‘ # 
1.@58D+82 9,444D+00 . i + Fi ; t, 
1. 18@D+83 9, G52D+08 . + ; ; %, 
{.159D+83 8.542D+00 . eo) ; ; . 
1, 2@0D+93 7, 968D+80 . fo ‘ ‘ ¥ 
{.250D+83 7, 275D+89 . ct ; : ¥ 
1,308D+83 9 6.479D+00 . aot ‘ ‘ x 
{.350D+83 5. 5467D+0¢ . + : ; % 
{.488D+82 4, 5430+86 . at é . & 
1.450083 3.424188 . + ; iF 
1,50aD+8S 2. 236D+88 . +, : e , 
L.559D+83 1, 013D+89 . +, * 
1,48@D+83 2.835D-@1 . e , i + 
L.A5@Ded 1.3770+88 . i . + 
1.7982 2.477088 . Ff ‘ + #, 
1. 75@D+83 3.4830+80 . ; : + i 
1,800D+83 4, 307D+0¢ . ‘ ‘ + . & 
1.B50D+83 $.184D+82 . ‘ ; + . ¥ 
1,908D+83 5. OB7D+08 . ‘ OF : x 
L.950D+8S 6.496182 . : got : * 
2, Q020+82 7. 4250488 . ; . + : # 
JOB CONCLUDED 
TOTAL JOB TIME 5.48 


Figure 12.36 (Continued). 
184 
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ROUT = 75 


RIN = 2 MEG 





vcvs 
GAIN = 50, 000 v/v 


Sod seeSeseccesecctiscag, 


bucecssetecs cous sueesss 





Figure 12.37 Two High-Pass Filters. 


the second has Chebyshev response. The response is deter- 
mined by the closed-loop gain of the operational amplifier. 

A good AC model for an op-amp at low frequencies (where 
the op-amp is not operated near its slew-rate and gain- 
bandwidth product limits) is also shown in Fig. 12.37. The 
model includes an input resistance which is rather large, and 
a voltage-controlled voltage source which provides the open- 
loop gain. The output voltage is the product of the differen- 
tial input voltage and the open-loop gain. 

The input file, Fig. 12.38, has comment lines to explain 
the function of the various element and control lines. This 
file would have been somewhat shorter if a subcircuit had 
been used to model the op-amp and the breakpoint frequency- 
determining components. The frequency of the source is log- 
arithmically swept from 100 Hz to 10 KHz, with 20 frequencies 
per decade. 

The graph in the output file, Fig. 12.39, indicates that 
the gain of the Chebyshev-response filter is higher than the 
Butterworth-response filter at all frequencies, with a notice- 
able peak at 1.122 KHz. While not much quantitative data can 
be obtained from this graph, it is of great use in understand- 
ing the difference between these two filters) A .PRINT con- 
trol line could be added to the input file to obtain quantita- 
tive information. 
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HP..CIR er ACTIVE HIGH-PASS FILTERS .IN PARALLEL 


VIN 1 ac i 

+ CIRCUIT A FOLLOWS 
CiA 1 2 .#iU 

2A 2.3 «wu 

RIA o 2 15.92k 

RA 3°49 =«15.92K 

ROA 3 4 " a 

Rap 4 @ 

# oP- me MODEL FOR CIRCUIT A FOLLOWS 
RINA 3 4 2MEG 

EA 693 4 SK 
ROUTA 6 5 75 

* CIRCUIT & FOLLOWS 
Cl {1 12) .8iu 


C2H 12, 13) .@iU 
RiB 15 12 15,92K 
R2B 13 9 15,92k 
R3B 3 14 15K 
R4B 14 6 19K 

% 


RINE 13. 14 2NEG 

EB 16 8 13 14 Sak 

ROUTE 14 15 75 

# CONTROL LINES FOLLOW 

AC DEC 28 188 19K 

«PLOT AC VOB(S) VDB(iS) (-9¢,15) 
on NOPAGE 


Figure 12.38 Input File 2HP.CIR. 


EXAMPLE 12.4.8, ACDIFAMP.CIR 


A two-transistor BJT differential amplifier is shown in Fig. 
12.40. It is fed by a voltage source at the base of QI. 

The input file, Fig. 12.41, includes two element lines 
for the transistors, but only one .MODEL line since both BJTs 
use the same model parameters. The model name is APPLE, 
which by itself means nothing until APPLE is defined in the 
‘MODEL line. The model is of an NPN transistor, with a for- 
ward beta of 60 and significant junction capacitances repre- 
sentative of discrete devices, not integrated circuits. 

A Bode plot is specified in the .AC and .PLOT control 
lines, in that the frequency is swept logarithmically from 
100 Hz to 1 GHz and the output voltage (which is the gain, 
since the input voltage magnitude is one) is plotted in deci- 
bels. 
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HEHEHE] 1/22/87 Hee Demo PSpice (May 1986) HAHEI: 29: 1OHHEREEE 
2HP.CIR TWO ACTIVE HIGH-PASS FILTERS IN PARALLEL 
JHA CIRCUIT DESCRIPTION 


JHE HSE HEEB HEE HGH ea 


VIN i § 

# cinculT A FOLLOWS 
CIA 1 2 BU 

CAA 2 3 CMI 

RiA 5 2 (15.92K 

R2AA 3 8 «(15.92K 
RSA 54 iL oa 

RA 4G 

¥ OF-AMP te. FOR CIRCUIT A FOLLOWS 
RINA 3 4 2ME 

EA 6 9 3 a oeK 
RUTA 6 5 75 

k a B FOLLOWS 
C1B + Bi 


R2B «13 § 15,92K 
R3B 15 «14 1K 


RAB 14 GB IMK 

+ OP-AMP MODEL FOR CIRCUIT B FOLLOWS 
RINB 13 14 2MEG 

EB 16 8 13 if SOK 

ROUTB 16 15 75 

# CONTROL LINES FOLLOW 

“AC DEC 26 198 19K 


*PLOT AC YDB(S) YDB(i5) (-5¢, 15) 

-OPTIONS NOPAGE 

«END 

HEE SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27,900 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


{ 1) 8099 { 2) 8909 { 3) 2600 { 4) » 8808 
{ 4) 9999 ( 4) - 2899 ( 12) - 9099 { 13) 9699 
(14) 9800 ( 15) 9998 { 14) 2809 

Figure 12.39 Output File 2HP.OUT. 
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ELE AC ANALYSIS 


LEGEND: 


#: VDBIS) 
+: VOB(13) 


FREQ 


(4) ene ce nee -5, agaD+ G1 
FDL. 
5a2D+81 . 
72081. 
{93D+81 . 
9G4D+81 . 
7H6D+81 . 
SOODt+aL . 
SUID+81 . 
114D+31. 
919D+#1 


1. GaGD+82 
1, 1220442 
1, 259D+82 
LAL 2 


oie MA2D+2 
ae 
&. S1sD+82 
7, 8790+82 
7, 94SD+82 
8, 9130482 
1. @aaD+82 
1. 1220485 
20g D+G3 


Seed PD DP bee et ee ee ee 
Soe ee we 
3 ~Q 
~ Lat ot 
~ 
= 
+ 
i) 
td 


7, 9430483 
B. 9130483 
1, GaaD+84 


VDB(S} 


bet mI Led rh ro ed lad hed hed 


' 
— 
= 


-1.725D+81 . 


-9, 7a2D+ae 


2 ~1.552D+8l . 
2-1, 342081 . 
2-1. 157D+81 . 


“8, GG1Dtee . 
-6, S350 
-4,77oD+86 . 


-3, 302D+8¢ 


~9, 951D-91 
8, 6510-82 


&,465D-91 . 
1.221088 . 
1. 6620488 . 
1. F7SD+88 . 
2, 244008 . 
2.4300+80 . 
2, 08D+89 . 


3 2.672D+08 . 
Ss 2, 7490408 
3 2.808D+88 . 
; 2,853D+08 . 
; 2.087D+88 . 
| 2.914080 . 
3 2. 954D+88 


2, 700D+88 
2. 903D+85 . 
2. 9720408 . 
2. 9B8D+00 . 
2. 786D+88 . 


JOB CONCLUDED 


TOTAL JOR TIME 
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TEMPERATURE = 27.888 DEG C 
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Figure 12.39 (Continued). 
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vcc a 12 V 





VEE = -12 v 


Figure 12.40 BJT Differential Amplifier. 


It is important to note that the AC analysis uses small- 
signal models for all devices. The input voltage of 1 V_ is 
hardly a small-signal input, and it causes a great deal more 
than a small-signal output. The output voltage in Fig. 12.42 
shows an output voltage in the passband of 40.90 dBV, or 111 
V. This is a ridiculous result and could not happen in the 
actual circuit because the power supplies would limit the out- 
put to about 12 Vpp. However, it is convenient to use 1 V as 
the input magnitude, since the output voltage is then the 
same as the circuit gain. 


ACDIFAMP.CIR BJT DIFFERENTIAL AMPLIFIER, AC ANALYSIS 
VSIG 3 @ AC 1 

VOC { @ DC 2 

VEE 5 8 -12 

Qi 2 3 4 APPLE 

G2 6 6 4 APPL 

«MODEL APPLE NPN(BF=6@ CJC=16P CJE=36P) 

RCI 1 2 ok 


RC2 {1 6 

RE 4 35 48k 

-AC DEC 5 188 16 

»PLOT AC VDB(é) (-18,58) VP(4) (~-98,8) 
-OPTIONS NOPAGE 


. 


END 
Figure 12.41 Input File ACDIFAMP.CIR. 
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eee] 1/22/87 eee Demo PSpice (May 1986) #eeetee1 9: 5G: 17ee eee 


ACDIFAMP.CIR BJT DIFFERENTIAL AMPLIFIER, AC ANALYSIS 


Hee CIRCUIT DESCRIPTION 


JAB HHH TT EEE RTE EER TTA AER 


3 
i 
VEE 5S @ -12 
2 
6 


@ 4 APPLE 


sMODEL APPLE NPN(BF=68 CJC=14P CJE=39P) 
RCL =k IK 


4 
fa 


RC2 ot & OK 

RE 4 3 4.8K 

«AC DEC 5 188 16 

»PLOT AC VDB(6) (-19,50) VP(6) (-99,9) 


OPTIONS NOPAGE 
OF 
«END 


FREE BJT MODEL PARAMETERS 


APPLE 
TYFE NPN 
18 1, 98D-16 
BF 69. 208 
NF 1.999 
BR 1.988 
NR 1,998 
CJE 3. 9D-11 
CJC {.69D-11 


Figure 12.42 Output File ACDIFAMP.OUT. 
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HEE SMALL SIGNAL BIAS SOLUTION 
NODE VOLTAGE NODE VOLTAGE 


i 
( 


tke 


{) 12.0086 ( 2) 6.2599 
3) -12.8889 = ( 4) 6. 2599 


VOLTAGE SOURCE CURRENTS 
NAME CURRENT 


VSIG ~1, 9160-85 
VCC 2, 308D-23 
YEE 2, 5580-93 


TOTAL POWER DISSIPATION 5,57D-@2 
+ OPERATING POINT INFORMATION 


444% BIPOLAR JUNCTION TRANSISTORS 


Qi a2 


EL APPLE APPLE 
1, 92E-#5 1. 92E~-85 
1,15E-@3 1, 15E-@3 


«778 778 
~6.25 -6.29 
7.93 7,93 


BETADC = 468.8 69.9 


GM 4,45E-G2 4, 45E-@2 
RPI L.35E+83 1. 35E+93 
RX »OGEHIG ==, OAE+AG 
RO L.GBE+12 1. 9GE+12 
CPI S.L1E-t1  S.1E-i1 
CMU 7.66E-12  7.66E-12 
CBX /OGE+EG =, OBEHAG 
CCS OGE+8G =. OGE+O9 
RETAAC = 6,8 69.4 

FT L.2GE+98 1. 20E+98 


TEMPERATURE = 


NODE VOLTAGE 


{ 3) + $899 


WATTS 


TEMPERATURE = 


Figure 12.42 (Continued). 
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27,986 DEG C 
NODE VOLTAGE 


{ 4) -.7778 


27,908 DEG C 
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SHE AC ANALYSIS TEMPERATURE = 27,888 DEG C 
LEGEND: 


#: VDB(4) 
+: VP (8) 


FREQ VDB (4) 


i “1.00001 « 5.900D409 .O0ODHOL SRST 5. OMOD HHL 
(t)eonnann nana -7,9000+01 6. 7500481 45000401 -2, 2500401 =. AOD 





LGeG0+d2 4.09001 . : . » # + 
L,5G5D+d2 4. 0720+81 . : : . # + 
BSI? 4,098D+8 . : : gms Joa + 
3.981D+2 4, 0900481. : : . # + 
6. 2igDtg? 4, 090D+81 . : : » # + 
L.BGOD+ES 4.099091. . : a Oe + 
1.505083 4.990D+81 . : : . #* + 
2clZD+8S 4, 9960481 . ‘ . . #* + 
B,981D+83 4. G78D+81 . : ‘ . * + 
6. S18D+s 4.098D+81 . . . Ey +o + 
1.000084 4.090D+01 . ' : » # + 
L.5050+84 4,099D+81 . : : 1 #* + 
2 oleDt4 4, 0900+ . : : «7 + 
S.9B1D+84 4, 270081 . : : ao tat + 
6. 31GDtd4 4, A9EDeaL ' ‘ . #* +, 
1.20805 4.009461 . : ; . #* +, 
1.50505 4.@09D+di . ' : e, e +, 
Z.S1eDES 4, 208D+81 . . . . # +, 
3581S 4. 886De81 . ' ‘ ee ee 
b.318S 4.80081 . ‘ : eR 
L,deeDige 4,G650+d1 . ' : » oR : 
L.SdaD+a6 9 4,831D+al , : . te ' 
2.S12DS LSD . ; + . # ‘ 
ae 3458 st » # 

6.3 + . # : 
id + . e, 

i,gduDti? 2.8 : +e us : * , ' 
2.512087 Z.5L6Dt#1 . + : » * : : 
RO8iDHW? 2.12381. + : at ‘ ' 
6.31897 1, 726D+01 . + : , : 

L.G0@D+88 1, 32/D+81 .+ : * : : : 
{.585D+8e 9. 2020+89 .+ » ¢# ‘ : : 
Z.c12D+88 3, 2070482 «+ * ; : : 
B.581D+88 1. 2920408 + # , ‘ : : 
6, 5180408 -2. 7970498 + % ‘ ‘ : ' 
1, aeen+a) -&.706D+dG + ‘ 


JOB CONCLUDED 
TOTAL JOB TIME 18, 4g 
Figure 12.42 (Continued). 
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If the input were specified as 1 KV, the output would 
simply be 111 KV. Clearly, you must be careful when interpre- 
ting results of an AC analysis to be sure that the numbers 
are reasonable. If you wanted to see the effects of non- 
linearities, such as clipping of the output due to the tran- 
sistors becoming cutoff and saturated, a transient analysis 
would have to be performed. The transient analysis is not 
limited to small-signal models as the AC analysis is. 

The Bode plot shows the half-power frequency to be just 
greater than 3.981 MHz, as indicated by the 3 dB drop in 
VDB(6) and the phase angle of -45 degrees near that frequen- 
cy. 


12.5 TRANSIENT ANALYSIS 
EXAMPLE 12.5.1, TRIANG.CIR 


A capacitor and resistor in series are connected to a trian- 
gle voltage source, as illustrated in Fig. 12.43. The trian- 
gle is made with the piece-wise linear (PWL) function, and 
varies between 0 V and 1 V, with a period of 2 ms. 

Figure 12.44 lists input file TRIANG.CIR, which defines 
the triangle voltage from 0 ms to 4 ms only. Note that there 





Figure 12.43  R-C Circuit, Triangle Input. 


TRIANG.CIR PIECEWISE LINEAR VOLTAGE a R-C LOWPASS FILTER 
VIN 5 8 POLO IM i 28 IM i 4M 8) 

R 3 Ik 

Cc 8 @ 2 

«TRAN JIM 4M 

»PLOT TRAN V() (8,1) ¥(8) (8, .5) 
ee NOPAGE 


Figure 12.44 Input File TRIANG.CIR. 
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are five time-voltage pairs in the PWL definition. The tran- 
sient analysis is from 0 ms to 4 ms, using time steps of 0.1 
ms. The .PLOT control line specifies that the input voltage, 
V(5), and the capacitor voltage, V(8), will be plotted with 
the plot limits shown. 

An examination of the graph of the capacitor voltage in 
the output file, Fig. 12.45, indicates that the capacitor 
voltage did not reach steady-state in 4 ms. It was last seen 
heading to an average value of 0.5 V, which is the average 
value of the triangle input voltage. 

For analyses that require many cycles of a periodic trian- 
gle waveform, using a PWL source can become rather tedious. 
A better way to generate a periodic triangle, pulse, saw- 
tooth, etc. waveform is to use the PULSE function. When do- 
ing so, it is important to use a tiny (compared to the per- 
iod) but non-zero value of pulse width. The rise time and 
fall time are set to equal half the period of the triangle 
waveform. A periodic triangle waveform identical to the PWL 
triangle in this example could be produced by the following 
control line 


VIN 5 0 PULSE(O 1 0 1M 1M IN 2M) 


Reading from left to right in the parentheses above, the ini- 
tial pulse value is 0 V, the pulsed value is 1 V, the delay 


HeeHELL/22/B79HHHeH Demo PSpice (May 198) #9: Sr [Sat 
TRIANG.CIR PIECEWISE LINEAR VOLTAGE INTO R-C LOWPASS FILTER 
Fett CIRCUIT DESCRIPTION 


JEBEL ETAT ATLL LEAR ERT TE HEE 


VIN 5 @ PHLYB@ IM 1 2M@ IML 4M @) 
R 5 a ik 
C 8 @ 2 
/TRAN JIM 4M 


PLOT TRAN V{5) (8,1). V{@) (@,.9) 

OPTIONS NOPAGE 

«END 

tHE INITIAL TRANSIENT SOLUTION TEMPERATURE = 27.898 DEG C 


NODE VOLTAGE NODE VOLTAGE 
( 9) 0G (8) 2985 


Figure 12.45 Output File TRIANG.OUT 
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EEE TRANSIENT ANALYSIS TEMPERATURE = 27.808 DEG C 
LEGEND; 
#: V() 
+: ¥(8) 
TIME W(5) 
{#) ---- enn -O0GD+98 = 2.500D-91 «= S.AGOD-1 7.SGMD-B1 1 aaa 
Cb) sSesesen se OOGD+8G = 1 258D-8L = 2.S08D-81 0S. 7580-1 5. 90-01 


jee «aoe ylt(<ti‘(<‘C é‘S;C‘CseS;é;C;”!”!OO 
1.000094 1.0000-81 + « 
9000-04 2. aG@D-81 + ‘ 


a 990-04 3.900D-B1 . + . # : : ‘ 
4,0000-04 4.000D-91 , + . # la : ‘ 
3. 9860-44 5. 9000-91 . + : ¥ 

6. 980D-04 &.000D-81 . +, » #* a 

7.200D-94 7.909D-81 . Pee : #, 

a. 900-04 8, 980D-@1 . at : 1 # 

9, 0000-04 9. G00D-O1 . +t : ; ¥ 
1, 2000-82 1. 000D+08 , : tog : * 
1, 1800-93 9.000D-91 . : + ; ey, 
1. 28@D-02  8.090D-91 ; . + . # : 
1, 300D-83 7, 080D-@1 + & 

1,4G0D-82 6, 0900-01 , + 

1,500D-83 5,.ag0D-21 : * rr 

1.408D-83 4,9000-81 , * + 

1,788)-83 3.000D-81 ¥ . + 

L.888D-@3 2,008D-91 . * , ' + 

{.780D-83 1.000D-91 .  # + 

2, 9880-93 — . GOGD+9G + + : 

2.1G0D-@3 1. 900D-91 * : + : 

2. 200D-0% 2, O0D-G1 * , + : 

2.508D-83  3.000D-81 . . * . + 

2.4G0D-83 4,000D-81 . ‘ * , + 

2.5000-83 5. 9000-01 « . ¥ + 

2 -O0@D-83 6. 0000-91 . : . fF 

2,7000-03 7.9900-01 « , : +e, 

2.500D-92 8, 000D-81 . ' : +. # 

2, 7800-93 9.0000-41 . : : + e 
3.808D-83 1. GgD+a8 . ; . » + ¥ 
3. 1800-83 9. 008D-1 . ' ‘ » t+, 
3,2400-93 8.000D-#1 . : : »_ * + 
3.3080-33 7. 0000-91. . ‘ +, + 
3.486D-83 6, 000D-F1 é x # ; + 
3.080003 5. G08D-@1 ' % ‘ + 
3.400D-83 4,000D-21 . : * ‘ + 
3.7@00-82 3.00eD-t1 » * ‘ . + 
3,69@0-82 2.900D-91 , #, : : + 
3,900D-93 1.930D-91. + , . . + 
4,G08D-02 =, BAGDGG * ; : , + 


JOE CONCLUDED 
TOTAL JOB TIME 9.69 


Figure 12.45 (Continued). 


196 Sample Circuits Chap. 12 


time is 0, the rise time is 1 ms, the fall time is 1 ms, the 
pulse width is 1 ns (one millionth the rise or fall time) and 
the period is 2 ms. After 1000 cycles or so, the 1 ns pulse 
width, which should be 0, will start to introduce a slight er- 
ror (a cumulative lengthening of the period by 0.0001% each 
cycle). However, the error is so slight that it doesn’t much 
matter for any practical purpose. 


EXAMPLE 12.5.2, LC.CIR 


An inductor and capacitor in parallel (tank circuit) are con- 
nected to a pulse current source, as illustrated in Fig. 
12.46. The tank circuit has a resonant frequency of 1007 Hz. 
This is a circuit that can be realized on paper only, as 
there are no losses in the circuit. The pulse is very short, 
with a magnitude of 1 A. 

The input file in Fig. 12.47 shows the PWL current source 
pulse to have a rise time, pulse width and fall time of 0.1 
ms each. The pulse is delayed from time zero by | ms. 





Figure 12.46 Current Pulse into Tank 


Circuit. 
LO.CIR PARALLEL L-C, NO LOSS, PULSE INPUT 
I-IN @ £ PRLi@ @ iM @ LIN t 1.28 1 LUN 8) 
L i @ S88 
c i @ 8.50 
.TRAN JIM 4M 
PLOT TRAN Vil) (-488,4¢8) TCI-IN} (8,2) 
DPTIONS NOPASE 


Figure 12.47 Input File LC.CIR. 
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Examination of the output file, Fig. 12.48, shows the cur- 
rent pulse plotted with plus signs and the voltage across the 
tank circuit plotted with asterisks. The pulse starts at 1 
ms, and the tank voltage begins ringing at the same _ time. 
After the pulse ends at 1.3 ms, the tank voltage continues to 
ring with constant amplitude. This is due to the total ab- 
sence of loss in the circuit; the tank will ring for as long 
as you care to do the transient analysis. 


EXAMPLE 12.5.3, EKG-LP.CIR 


A piece-wise linear source can be used to make any arbitrary 
waveform whatsoever, providing you have the patience to put 
all the information on the element line. This example con- 
tains an electrocardiogram (EKG) voltage over a time interval 
of 500 ms, with data points every 5 ms. The PWL independent 
source element “line” actually requires 16 lines, using the 
plus symbol to indicate a continuation of the previous line. 
The circuit, Fig. 12.49, is a single-pole R-C low-pass filter 


eeeeeeee] 1 /20/27e¢e¢4e44 Demo FSpice (May 19Bb) seeeeeel 5: 3G: LOeeeeeeee 
LO.CIR «PARALLEL L-f, NO LOSS, PULSE INPUT 
#4 CIRCUIT DESCRIPTION 


EEEEEEELEL ELLE ER ERE REE EREREE ES EERE EEE LE LE EEE ELS PASTE EERE ENTS ESE SEES 


g PUL{@ of IM @ LIN i igh 2 LM #) 
I aah 

i BU 

JTRAN JIN 4M 

JFLOT TRAN V(ii (-480,480) T{I-IN) {8,2} 

sOFTIONS NOPAGE 


END 
pret’ INITIAL TRANSIENT SOLUTION TEMPERATURE = 27.808 DES C 
ROBE VOLTAGE 


Whe Wie hee 


( W} » B28 


Figure 12.48 Output File LC.OUT. 
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THEE 
LEGEND: 
#: Vi) 
+: T{I-IN) 
TIME 


SS ~4, ODE? 


BODES 
1, 4@8D-@4 
2, aAa-@4 
3, Gan-#4 
4, 000-84 
5. 8G8D-94 
4, 800-4 
7, GGGD-24 
B, agD-a4 
9, GGGD-84 
1, d@@D-83 
1, 1880-82 
1, 288D-93 
1, 34¢0-@3 
1, 4880-03 
1, o86D-93 
1, 680-43 
1, 7@8D-83 
1. S88D-93 
41, 988D~-82 
2, GaeD-3 
2. 1880-83 
2, aa) -@3 
2. 800-83 
2, 488D-83 
2, 5990- 43 






3, 88D-#3 
3. AHED-2 
3. 7800-82 
3. B8GD-23 
3, 9800-23 
4, G90D-@ 


TRANSIENT ANALYSIS 


Va) 


Sample Circuits 


TEMPERATURE = 


~2, BAMD+EZ EIDE = 2, AED ED 


Chap. 12 


27,808 DEG C 


4, QGoD+E2 


OGaD+88 + 
OOED+GG + 
GASDt8E + 
Seed +Gd + 
 O890+98 
 OGaD+90 
BAG GS 
8000+ 8 
Bea +8e 
B80 +48 
AOD +8e 
9, d430+81 . 
2, S18D+02 
2. 136D+82 
-4. 9960-21 
~2, 664D+82 
-3, 49D+a2 
-3, 4311492 
-2, 228D+G2 
~1.513D+91 
1, 934D+82 
3. SS9Dt8e 
3, 0@50+82 


tet tt te 


3-2, 497082 
gS 4.547000 
1, 6950402 
3.1732 
34 





e149 
6, 2790+) 
~{ ae abt? 
-2, @7SD+82 
3. 5590482 
-2, OBBD+H2 
7.738081 
- AZ7D+82 


fe ma a 
ea ee A eee ae a 


« 
+ a oo oc oe aioe dee 


oe 
re er) 
ee 8 eo 


= 


* 


= ee we we me 
© we wm we 


JOE CONCLUDED 
TOTAL JOB TIME 


12,48 


Figure 12.48 (Continued). 
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Figure 12.49 EKG into Low-Pass Filter. 


connected to the EKG voltage. It has a breakpoint frequency 
of 10 Hz. 

The input file in Fig. 12.50 specifies that a _ transient 
analysis occur, with a time step of 10 ms, and that the EKG 
voltage and the filtered EKG be plotted versus time. The op- 
tional plot limits were chosen to give maximum size to the 
EKG plot, and f make the filtered EKG plot have the same 
scale. 

Figure 12.51 shows the output file EKG-LP.OUT. The ef- 
fect of low-pass filtering on a complex waveform is very ap- 
parent, in that the filtered waveform is smoothed consider- 


cKG- LP, CIR ELECTRO-CARDIOGRAM VOLTAGE INTO LOW- bie FILTER 
eu 8 PWL(@ -1 OM 2 19M 2 15M 2 20M 4 25M 5 3am 4 

+ 35M 8 40N 8 45M 7 SON 8 coe 8 69M & 65M 4 73M 3 2 79M -1 
B@M -4 BSN -4 99M -6 95M -9 18M -9 195M -7 118M -B 
{LOM -9 120M -7 125M -7 120M -8 135M -4 140M -7 

145M -9 150M -9 155M -8 149M -16 165M -9 17M -2 

1756 9 188M 25 165M 44 190M 54 195M 49 268M 34 285M 1? 
2104 -i@ 215M -25 220M ~e eon ~ 38 250M -26 6 23a ~28 
Z4aK -i4 245K ~18 Zagh -3 Zoot x 26aM -3 265M - 

2704 -1 275M -1 208M -2 285M @ 290M 1 295M @ 300 i 
305M 3 iGM 2 MSM 2 228M 4 325M 5 333M 3 355M 6 

240M 7 345M 7 SOGM 9 355M 11 J48M 11 Sash 12 37M 15 
3758 SBM 18 SESM 23 299M 25 295M 25 4agN 28 

405M 32 410M 32 445M 35 420M 39 425M 38 436M 37 

4s 35 440M 26 445M 34 450M 31 455M 26 Soe 2 22 

465M 19 470M 14 475M 1@ 450M 7 485M 5 496M 2 

495M i eae 1) 





PR ete eS 


«TRAN LGM SOM 

«PLOT TRAN Vii,@)  (68,-28) 
-FLOT TRAN Vi2,a) {68,-39) 
OPTIONS NOPAGE 

END 


Figure 12.50 Input File EKG-LP.CIR. 
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ably and has a much smaller peak-to-peak value between 180 ms 
and 220 ms. 


EXAMPLE 12.5.4, PWRSUPLI.CIR 


An interesting circuit to study with transient analysis is a 
half-wave rectifier with a capacitor filter. The inrush cur- 
rent at the time of turn-on is not easily measured in the lab- 


eee 1/24/87eeeee® Demo PSpice (May 1986) #eeeeHE 9:95; GRHeHEEEHE 
EKG-LP.CIR ELECTRO-CARDIOGRAM VOLTAGE INTO LOW-PASS FILTER 
HEE CIRCUIT DESCRIPTION 


EHEER ER ERE LER SEES EE EEE EERE DETAR ETE ETAT SEE TREES EE ETERS FEE 


YGEN 1 @ PHL(G -1 SM 2 19M 2 15M 2 29M 4 25M 5 36M 4 
354 8 49M 8 45M 7 SM 8 SSM 6 OGM 6 OM 4 70M 3 75M -1 
BGM -4 85M -4 96M -4 95M -7 100M -9 195M -7 118M -8 
115M -9 128M -7 125M -7 138M -B 135M -6 148M -7 
i456 -9 158M ~9 155M -8 169M -18 1656 -9 178M -2 
175M 9 198M 25 185M 44 198M 54 190M 49 200M 34 205M 12 
218M -18 215M -25 228M -3@ 225M -38 Z3GM -26 255M -28 
240M -14 2456-10 250M -5 B5GM -2 268M -3 265M -3 
270M -1 275M -1 2804 -2 265M @ 296M 1 295M @ SGM 1 
3O5N 7 19M 2 TSM 2 329M 4 325M 5 330M 3 335M 6 
340M 7 345M 7 250M 9 355M 11 340M 11 385M 12 378N 15 
375M 19 388M 18 385M 23 398M 25 S9GN 25 400M 28 
+ 405M 32 410M 33 415M 35 420M 38 425M 38 4386 37 
435M 39 440M 36 4454 34 450M 31 455M 26 468M 22 
465M 19 478M 14 475M 10 408M 7 485M 5 499M 2 
495M 1 80M 1) 

i 2 18K 
2 @ 1.6u 
TRAN igh Seay 
«PLOT TRAN Vii,@)  (68,-38) 
+FLOT TRAN Vi2,8} (68,-38) 
.GPTIONS NGPAGE 
«END 


#EEE INITIAL TRANSIENT SOLUTION TEMFERATURE = 27.008 DEG C 
NODE VOLTAGE NODE VOLTAGE 


bob hh RRR Rt 


a 


co. 
be & 


( i) -1.gede ( 2) -i.8ga¢ 


Figure 12.51 Output File EKG-LP.OUT. 


HEE 
TIME 


TRANSIENT ANALYSIS 
VD 
“3.00001 = -7.500D+8E = LOE = 3. 758i 


8090009 -1. 000009 . ee ae ee a 
1.009D-82 2.900D+09 , . # 


TEMPERATURE = 27,088 DEG C 


2. 40D-82 
3, 886D-82 
4, 0000-2 
5. 8G0D-G2 
&. SG0D-a2 
7 §800-22 
8. B09D-42 
9, SMED-92 
1, @a0D-91 
1.108D-d1 
1, 2860-81 
1. 308D-@1 
{, 49@D-@1 
i. 588D-81 
1, 6880-91 
1.78@D-a1 
{, 388D-21 
1. 9800-21 
2, C8ED-81 
2, 188D-91 
2. 2880-@1 
2. 3860-81 
2. 4880-@1 
2. 3980-B1 
2. 6880-81 
2, 7980-81 


ig@D-@1 

280-81 

»s89D-G1 
4, 4000-81 
4, 909)-@1 
4, 5800-@1 
4, 700D-G1 
4, 000D-@1 
4, F08D-G1 
a. BHGD-Bi 


woe Be Be ne ed ed ed ad ed ed hed ed ed 
ee 
I ~~ CR fee 
Ss 
S 
a 
Sa 
— 


4, GGan+gg 
4, 9070+ . 
8, 998D+88 
8, 90aD+98 
6. d0GDHig 
3. 000D+a 
~4, OUD 
~6,.4GGD+ae . 
-9, GaOD+GG 
“8. 9000100 . 
-7, GOOD+89 
-B.080D+00 . 
-7, 9GED+aG 
~7, G0aD+86 . 
~L.Q0eD+al . 
-2, 00008 . 
2. 08DtG1 
S.AGaD+G1 
3. 408D+81 


~1, 9880481 
~3, G09D+81 
~2, 690D+81 


«ode 


-1,400D+81 


5, GOD +08 
3. aD +88 
-1, 990D+06 


1-2, a@0D+89 


= = ew 


1. O@aD+ad . 
1, ggadegs . 
2, 9000199 
4, OGD+aG 
2. Gate 
7, GQOD+09 
9, G0gD+88 


ho Led fed CAD Cad Led PD BD ee pee ee 


{9aD+G1 . 
eel. 
ogeDt#i 
SGaD+#i . 
oeeD+a . 
SOOD+H1 . 
BaD] . 
7HOD81 
ogGD+G1 . 
lgedeai . 
208D+81 . 


L.4gaped1 . 
7, OGGD+9a , 
2, 8G0D+08 
1, dgapeae . 


Figure 12.51 (Continued). 
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ee TRANSIENT ANALYSIS TEMPERATURE = 27,908 DEG C 


TIME ¥(2) 
-3,900D081 -7.500D+0G 1.5001 8 8=3.750D+81 = 6 AD 

-AOOD+98 -1, 000000 . » & 
1.008D-92 1.143D-81 . 7 
2,000D-82 1,.2720+80 . - oF 
3.9800-92  2.771D+88 . 7 # 
4,908D-92 4, 8700+09 . ‘ * 
5.0090-82 6.9720+88 . . # 
6, 808D-92  &. 6870008 . a $ 
7, 9000-82 5.483048 . : ¥ 
8.080D-92 2.470080 . r ¥ 
9, 8600-82 -8,459D-@1 . . # 
{,@08D-81 -4, 557D+09 . . * 
1.189D-91 -5. 9120400 . 
1, 2000-01 -6.971D+08 . ¥ 
1.389D-91 -7.125D+09 . % 
1. 400D-41 -b.9290+09 . * 
1.508D-81 -7. 785009 . * 
1. 5000-91 -9,217D+09 . + 
1. 7800-1 -7.606D+98 . ¥ : 
1,808D-81 1,307D+88 . . * : ; 
1.999D-G1 2.87901 . . . & : 
2.808D-G1 3,224D+81 . : : * , 
2,19@D-81 2.178D+81 . ji , #* ; 
2,2000-G1 7. 335D-@1 . . +# ‘ : . 
2, 500D-81 -L.296D+81 . % : . 
2, 404D-@1 ~1,596D+81 ® % . ' . ‘ 
2, 0800-81 -1,206D+81 . e ' . : 
2,6000-G1 -8.230D+98 . % ‘ : : 
2, 7090-91 -5.518D+08 . a : : . 
2.808D-91 -3.S58D+88 . .* : ; 
2.9980-91 -1.950D+a8 . ek ; : 
3.990D-81 -8.996D-@1 . . # ; : . 
3.199D-#1 4.344D-@1 . . # 
3,208D-81 1, 5510488 . . * 
3.389D-G1 2. 780D+88 . . t 
S.408D-91 4, 137D+08 . j % 
3.000D-81 5. 751D+88 . , # 
3.A8@D-H1 8. 2840+08 . ‘ # 
3.709D-91 1. Gi9D+81 . . , 
3,8@0D-01 1, S54D+#l . ‘ %, 
3.9800-81 1. 7750+ . . im 
40000-9112, 1540481. : = 
4,1990-91  2.617D+81 . ' i ¥ 
4, 2080-01 3.5iD+ai . ; * , 
4, 3000-91 3.00081 : > %, 
4,4000-1 2.563081 . , . , 
4 5090-91 3.464081 : ‘ Ro 
4,6000-01 J.GaD+e! . . . t , 
4, 7900-91 2.4740 : A ¥ 
4,0000-#1 1, 784D+di . . .* 
4.9800-81 1.162041 . i Ri 
5. 2g8D-81 6. 75089 . s £ 


JOB CONCLUDED 
TOTAL JOR TIME 47,28 


Figure 12.51 (Continued). 
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Figure 12.52 Half-Wave Rectifier Circuit. 


oratory without some kind of storage device (analog or digi- 


tal storage oscilloscope). With SPICE transient analysis 
this phenomenon can easily be examined in great detail, and 
insight can be gained into power supply operation. Figure 


12.52 is the schematic diagram of the rectifier circuit, 
which includes a dead voltage source in series with the diode 
to measure diode current. 

The input file PWRSUPLI.CIR is shown in Fig. 12.53, and 
shows the diode to be modeled as nearly ideal. By setting 
the emission coefficient, N, to 0.001, the forward voltage 
will be very small compared to a silicon diode. Refer to 
Section 11.2 for information on changing diode models.  Volt- 
age source VAC is a 50 Hz sinusoid with an amplitude of 100 
Vp. The voltage across the load resistor and the diode cur- 
rent will be plotted versus time. 

Figure 12454 contains the output file, which plots the 
load voltage with asterisks and the diode current with plus 


PWRSUPLILCIR 1/2 WAVE POWER SUPPLY 
VAC 19 @ SIN(@ 198 58) 

# VAC IS 18% VOLTS PEAK, S@ HZ 
VSENSE 18 i2 6 

D 12 15 MODA 

«MODEL MODA DIN = @.@8i RS = 2) 

* DIODE D 15 NEAR IDEAL 

CFILTER 15 @ 4gU 

RLGAD «=«i5 a ik 

-TRAN iM 4@M 

sFLOT TRAN V{15) (8,108) I(VSENSE} (@,1.9) 
-OPTIONS NOPAGE 


END 


Figure 12.53 Input File PWRSUPLI.CIR. 
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eeeeeeee [22/87 aeeeteee flemo POpice (Hay 1986) eexeenei 9: 5G: 4feereeeee 
PARSUPLI.CIR 1/2 WAYE POWER SUPPLY 
EEeE CIRCUIT DESCRIPTION 


HELLER E PEE REREA RARER ERLA RAE ESS ESLER SLEPT EP EEE EEE EEN ERSTE EEE EP ES ESTE 


} SING 198 3H) 
® VAC TS 188 VOLTS PEAR, So HZ 
YOENSE 18 i2 @ 
B i215 NODA 

EL MCDA D(H = @.091 RE = 2) 
* DIODE D 15 NEAR IDEAL 
CFILTER 15 @ 48 
RLOAD = th OLR 
TRAN IM 48M 
-FLOT TRAN V(iS) (8,188) TIVGENSE) 
OPTIONS NOPAGE 
» END 


FREE DIODE MODEL PARAMETERS 


9.1.0) 


oe 


MODA 
I5 i, @aD-14 


ao 
no 


2,608 

881 
HERE INITIAL TRANSIENT SOLUTION TEMPERATURE = 27.888 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


{ 19) 0088 { 12) BEGG (15) » 8008 
Figure 12.54 Output File PWRSUPLI.OUT. 


HEE TRANSIENT ANALYSIS TEMPERATURE = 
LEGEND: 
#2 Y(15) 
+: TiVSENSE) 
TIME V(15) 
(eo OOEDEG = 2 SUODHL = OOO 7. Da 
(h) seeenseetass -8090+09 = 3, 7580-81 7, 5880-91 1. 12Z5D+68 
880099 ==. GGD+0G 
1,8090-93  2.d29D+81 . 


2.900D-83  5.616D+81 , 
3.000D-03 7. 08BDtG1 . 
4.900D-63 9, 304D+01 
3. 8880-93 9. 730D+81 
6. GGaD-83 9, B4@D +81 
7. 9000-93 9, 597D+91 
8. 6080-93 9, 360D+81 
9,G00D-83 9. 129D+81 
1.@0@D-92 8. 784D+81 
2 8. 604D+ai 7 . ' 
6. 407D+81 : ‘ ’ 


7. 6630+81 : . ¥ 
7 A74D+81 ' . 

7.27804 : 

1,980D-02 7. 189D+81 ‘ . 

2,800D-82 6, 9340181 : ' 

2.1980-82 6. 765D+01 : : 

2.209)-92 4, 667D+01 : 
2.0800-@2 7. 908D+81 . ‘ . 
2.498D-92 F.383D081 . : ‘ : 
2.080D-82 9. 938D+#1 . 

2. O80D-82 9, 0280491 

2. 7800-82 9, S75D+81 

2. 0880-82 7, S5BD+8L 

2. 700D-92  9,127D+81 

2. 888D-82 6, 992D+81 

3.18@D-@2 8. 682D+81 

3,280D-82 8. 467D+81 

2. 300D-82 3. 250D+81 

3.48@D-82 8. G33D+01 

3.088D-82 7, 056D+01 

7, 6010481 

7 ATID+H 

7, 268D+8) 

« 186D+81 

6, 732481 


wad 
. 


ced 
md 
ee 
Sy 
a 
Ss St 
har 
treed teh Hd md 


4, @ogD-G2 


JOB CONCLUDED 


TOTAL JOB TIME 15.18 


Figure 12.54 (Continued). 
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1, SAgD+82 
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signs. The load voltage rises from 0 V, peaks at 99.3 V, and 
has the sawtooth shape characteristic of a poorly filtered 
power supply. The ripple voltage is about 33 Vpp. The diode 
current during the first positive half cycle (inrush current) 
peaks at about 1.3 A, while during the second positive half 
cycle the maximum is around 800 mA. This is because the in- 
rush current must charge the capacitor, which is initially at 
0 V, and raise its voltage to 100 V. On subsequent positive 
half cycles the capacitor voltage never is less than 66 V, so 
less current is needed to raise its voltage back to 100 V. 

To see the diode current more clearly, more plot points 
would be needed. This could be accomplished by changing the 
time step in the .TRAN line from 1 ms to a smaller value, 
such as 0.1 ms. A clearer (but much longer) graph would re- 
sult. 


EXAMPLE 12.5.5, CMOSNAND.CIR 


A CMOS (complementary metal-oxide semiconductor) FET inverter 
NAND circuit is connected to two squarewave voltage sources 
in this example, and the output is determined as a function 
of time. The two squarewaves will provide all possible logic 
input conditions (11, 01, 10, 00 binary) to the NAND gate. 
The logic NAND gate is made with four enhancement MOSFETs; 
two are N-channel and two are P-channel. 

Figure 12.55 shows the circuit. The NAND gate output is 
loaded resistively and capacitively. 

The input file, Fig. 12.56, includes device capacitances 
and zero-bias threshold voltages in the .MODEL control lines. 
For enhancement-mode MOSFETs, VTO is positive for N-channel 
devices and VTO is negative for P-channel devices. The start- 
ing time of the pulses is delayed by 1 us, and the rise and 
fall times (5 ns) are quite small compared to the pulse 
widths (5 us and 10 us). Since three plots on one graph gets 
a little confusing, two graphs are specified. The first will 
contain the two input voltages, with plot limits that keep 
the plots separated, and the second is the NAND output volt- 
age by itself. 

The graphs in the output file, Fig. 12.57, show that the 
NAND gate output is low only when both inputs are high, and 
that the rise and fall times of the output are significant. 
More resolution of rise and fall times could be obtained by 
making the time step size smaller in the TRAN control line. 
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vob 10 Vv 


M4 M2 
ATOP CTOoP 
100K 
a me 
“ Ea 
M3 
oe ABoT CBOT 


a a 400K 30 pF 


+e M4 


Figure 12.55 CMOS NAND Circuit. 


EXAMPLE 12.5.6, TTL.CIR 


A 7404 TTL (transistor-transistor logic) inverter logic gate 
is shown in Fig. 12.58. It is fed by a TTL-compatible 
squarewave (well, nearly square). The output is connected to 
a pull-up resistor of 2K ohms. 

The input file, Fig. 12.59, describes the input pulse as 
going from 0 V to 4V after a 10 ns delay, with a 2 ns rise 


CMOSNAND.CIR 4 TRANSISTOR NAND GATE, CMOS 
M3 i 4 MODI 


M2 3 2 3 Di 
»MODEL MODI PMOS(CGDO=19F CGSO=i¢P CRD=.@5P CBS=.@5F VT0=-2) 
MB 4 1 9 8 MOD2 


M45 2 6 @ MOD2 

«MODEL MOD2 NMOS{CGDO=18F (CGSO=1gP CBD=.95P CHS=.g5P VT0=+2) 
VDD 3 98 16 

RTOP 3 4 1@gk 

CTOP 394 2aP 

REOT 4 @ 180K 

ChOT 4 8 2@P 

Vio i @ PULSE t@ 1U ON SN SU 180) 
V2 2 6 PULSE@ if 1U SN ON 18U 29) 
»TRAN @.8U 24 

«PLOT TRAN V(1) (-15,15) V{2) (8,38) 

«PLOT TRAN V{4) (8, 19) 

«GPTIONS NOPAGE 

» END 


Figure 12.56 Input File CMOSNAND.CIR. 
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eeeeeede | 1/24/d7eeeeeee4 Demo PSpice (May 1906) #eeeeeni Gs 48: Sbeeeeeeee 
CNOSNAND.CIR 4 TRANSISTOR NAND GATE, CMOS 

$eHE CIRCUIT DESCRIPTION 

EAENE REALE EE EERE EEE EE EEE EEE EEE EEE EEE EE EE EE EAE EE EEE EEE 


4 2 MODI 
5 NCBI 


4 
i a CESO=19P CBD=.05P CRS=.05F VTOe-2) 
1 5 @ MOD? 
a 


m3 
ee] 


1 a 


g MOD? 
MODEL MODZ NMOS(CGDO=i@F CGSO=19P CRD=.95P CRS=,a5F VTQ=+2) 
VDD ag 1p 


RTOF 2 4 iGek 
TOR 3 4 oF 
RROT 4 @  {gi@k 
CROT 4 @ 28F 


Vio 1 @ PULSE(S 18 IU ON ON WU igu) 
V2 2 @ PULSE(@ 18 IU SN SN Tu 2a) 
TRAN @.BU  24U 

«PLOT TRAN Vil) (-15,15) V¥(2) (8,38) 

:FLOT TRAN V(4) (3, 10 yo 

»OFTIONS NOFAGE 

END 


#EEE MOSFET MODEL PARAMETERS 


MOD4 MOD2 
TYPE PHOS NMOS 
LEVEL i, 80G 1, 889 
¥T0 -2, 088 2. 888 
RP 2.28D-82  2.88D-85 
CBD oe G@D-14 5. 8D-14 
CBE 1. G0D-14 5.8814 


C650 1.@@D-i1 1. 8@D-1i 

CGDO 1.89D-i1  1.8@D-i1 

HAEE INITIAL TRANSIENT SOLUTION TEMPERATURE = 27.808 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


( 4) 8808  t 2) OG 6( 2 ig.eee (A) 7886 


ts 


Figure 12.57 Output File CMOSNAND.OUT. 
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4890-06 
4, 2uaD-@6 
4, 696D-@4 
4, BGGD-8h 
5. SMD -86 
6. 4000-86 
7, 2880-85 
8, gGD-a4 
&. Sg0-@4 
3, 6880-6 
1, 8480-85 
1. 1280-@5 
1, 2980-85 
1, 2040-@5 
.5O8D-25 
4480-95 
5280-85 
, 6880-35 
6880-95 
7680-5 
848-85 
728-85 
B88D-95 
2, 8600-83 
2. L46@D-95 
480-85 
2580-85 
 ABD-95 
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TRANSIENT ANALYSIS 


1, d00D+81 
GHGD +06 
BOSD +88 
BEG 
BOD +8S 
» AGED +09 
B80 +88 
1, G88D+8i 
1, @geD+81 
1.280D+81 
1, 88D+81 
1, 880D+91 
i GeaD+al 
1, G@eD+81 
Agana 
Beeb +8d 
» Gga0+88 
» O00D+09 
+ G0eD+98 
» BOE) +88 
1, GegD+01 
1, @oeD+g1 
1. BG8D+81 


1.@g@D+81 . 
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Figure 12.57 (Continued). 
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Ht TRANSIENT ANALYSIS TEMPERATURE = 27,908 DEG C 
TIME Via) 
OD = DG OODHEE 7 SUGGES 1 AED AL 
GUD 9. 7E1DHEE ‘ . ' *, 
8.@09D-07 9. 7G1D+88 . . : ‘ *, 
1.60@D-86 4. 7270499 . 7 %, : 
2.4000-04 1.794D+08 . * , 5 


3, 2890-86 11520486 . * 
4,0000-96 1. 871D+08 . * 
4,0000-96 i. GoD . # 
S.6000-86 1.856D+82 . * ; . : : 
6. AGGD-96 6. 5670488 . ' 2 # 4, ' 
7. 2000-36 9.329400 . : : ; 
8, 9900-96 9, 4250400 . : ' : 
8.8900-06 9.424D+8¢ . , ‘ : 
9, 6890-96 9, 4260408 . : " 

1, G48D-85 9, 426D+08 : 

L, 1280-05 7, 44 D+86 
1,2080-25 9. 426D+88 
1, 208D-85 9,426D+09 . ' . 
L.2OgD-85 9. 426D+08 : : 
{440-85 9. 426D+00 s : 
L,526D-85 9.4260+9¢ ‘ : 
1. 800-05 9. 4260408 . . : 
1,489D-85 9. 7@1D+08 . ‘ 
7660-85 9, 791D+09 . 
400-95 9. 7810408 . 


- 
oo 


ai oR OOK ak Me oak Ne ak MK oak ook 


we oc ook ose oo oe 
oe me we mw we 


i 

1 

1,52@D-85 7. 781D+89 . 

2,080D-95 9. 7GiD+8¢ . 

2,880D-85 9.781 DGe . : : 
2. 16G2-#5 4, 618D+88 . : #. 
2. 2400-05 1.884408 , x, : 
2.428D-@5 1, 164D+88 . ¥ 

2.4800-G5 1. 8690408 . * 


JOB CONCLUDED 
TOTAL JOB TIME 73,28 


Figure 12.57 (Continued). 
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Figure 12.58 TTL Inverter. 


time and fall time, pulse width of 20 ns and a period of 48 

ns. The transistor model MODI! includes a substantial number 

of parameters which override the SPICE default parameters for 

a BJT. The optional plot limits cause the two plots to be 
separated on the graph, for ease in interpretation. 

The output file lists some of the semiconductor parame- 

ters, prints an initial transient solution, and has a_ graph 
TTL.CER TTL 74@4 INVERTER GATE, PULSE INPUT 


wee 4495 0C 
VIN 1 @ PULSE(@ 4 1QN 2N 2N 28N 48N) 


R 


9 
9 
ai 32 1 MODI 
Q2 5 3 6 MODI 
0375 8 MODI 
049 69 MODI 
«WIDTH OUT = 8¢ 
»MODEL MOD1 NPN(BF=50 BR=@.1 RB=7@ RC=49 TF=,1N TR=19N 
+ CJE=6.9P CIC=1.5P COS=1P VA=Se) 
«MODEL ane D 
» TRAN 3N 195N 
»PLOT a V(9) (8,12) VOL) {-5,5) 
.OFTIONS NOPAGE 
«END 


Figure 12.59 Input File TTL.CIR. 
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of input and output voltages (see Fig. 12.60). The output 
waveform is valid from a logic standpoint, and shows the dis- 
tortions that are to be expected from a TTL logic gate oper- 
ated at 20.8 MHz. 


EXAMPLE 12.5.7, ASTABLE.CIR 


Transient analyses on astable circuits and free-running oscil- 
lators tend to be a bit tricky to accomplish. One must pay 
careful attention to the initial conditions in the circuit; 
for example, this circuit (see Fig. 12.61) has complete sym- 
metry (at least on paper). In reality, at the time power is 
applied to the physical circuit one transistor will go to sat- 
uration and the other will become cut-off. As far as SPICE 


eT / 23/07 eee EEE Demo PSpice iMay {9GG) HREEEHEL IISA: S7eeeee eee 
TTL.CIR TTL 7484 INVERTER GATE, PULSE INPUT 
EHH CIRCUIT DESCRIFTION 


FERRE EE EATERIES ERLE ESE ESES EEE EERE REE EERSTE ES ERE RES ER EE ERLE PER 


WiC 495 00 
VIN i @ PULSE(® 4 12N 2N 2N 2QN 48N) 
REQI 4 2 4 
REQ? 45 1.8% 
REQZ 6 3 1K 
REGS 4 7 13¢ 
APULLUP 4 9 2K 
DOUTPUT 8 9 DMOD1 
g132 1 MODI 
2536 MODI 
G3 7593 MODi 
a4 9 6 @ MOD! 
WIDTH OUT = 88 
“MODEL NOD1 NPN(BF=59 BR=@.1 RB=7@ RC=4@ TF=.1N TR=1@N 
+ CJE=8.9P CIC=i.5P COS=1P VA=oe) 
«MODEL DMODL D 
TRAN IN 185N 
-PLOT TRAN Vi9) (8,12) Vl) (-5,5) 
aoe NOPAGE 


Figure 12.60 Output File TTL.OUT. 
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HEE DIODE MODEL PARAMETERS 


DMODL 
1S 1200-14 


HEF BJT MODEL PARAMETERS 


MODI 
TYPE NPN 
IS 1,@@D-16 
BF 29 BB 
NF 1,208 
VAF 5. 8GD+81 
BR 18a 
NR 1.909 
RE 78, 009 
RC 49,898 
CJE 9, GGD-13 
TF 1, 890-18 
CJC 1, 5@D-12 
TR 1, 88D-48 
CIE i, @8D-12 
HEHE INITIAL TRANSIENT SOLUTION TEMPERATURE = 27.800 DEG C 


NODE VOLTAGE NODE VOLTAGE NODE © VOLTAGE NODE VOLTAGE 


1) OO8G 0 2) O88 fF) 2624 { 4) 5, 8800 


{ 5) S.@@a8 (a) 4008 8 ( 7) 5.88 te 


on 


iF) 5. GEGE 


Figure 12.60 (Continued). 
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HEHE TRANSIENT ANALYSIS TEMPERATURE = 27,888 DEG C 
LEGEND: 


# V9) 
HOViD 


TIME Vi) 
(8) Heseses GIDE =. GOEDHIS bP. 20D 


(F}eceeneeeene> -5, ADAG _-2, SDE O89 = 2 SGEDEG «= 5, BADE 
AGG 5. 0000488 : # + 
3,8000-09 = 5.0d0D+08 . ‘ % + 
6.9990-89 5. a00D86 . ; # + 
5, 9000-99 5. 900006 . : * + 
1.20@0-98 35.224D+00 . : #, 
1.,5@0D-08 1. 799D+8¢ . 4 
1,908D-98 4.324D-#1 . * 
2.19@D-98 1.743D-81 .# 
2.490D-98 1.771D-#1 .* 
2,708D-98 1.779D-Gi .# 
% 
% 


oe a a a 


3.9@@)-83 1.781D-@1 . 
3.309D-98 =1.762D-@1 . 
3,68@D-88 1, 275D+88 . x : 
3.96G0-88 = 2.8650+89 . %, 
4,208D-88 3, 7570488 . . * 
4,500D-98 4,471D+80 . : * 
4,8@@D-88 4. 741D+08 . ; 
5.1000-98 4. 868D+89 . . 
5.40@D-98 4. 735D+89 : 

5. 790-98 4.968D+88 . . * 
6, @99D-98 5. 221D+89 . ‘ ty, 
&.308D-28 1,005D+98 . ' , 

6, 6900-88 4. 585D-@1 . 
6.9800-85 1.737D-41 . 
7, 2080-08 1.773D-@1 . 
7.5090-98 1.778D-€1 . 


ose 
a ee 

te alias Se gia Me cad cae ee tee Se 
ate as, ha Sea ig a RE Ok ae ate SS 


Me 
teehee 


ae oe one oo ook 
” 
. 


9,498D-98 4, 743D+08 . 1 ¥ 
9,.999D-88 4.070D+88 . . * 
1.0200-97 4. 925D+80 . : ¥ 
1, 0580-87 4. 9690+88 . : # 


2 
tat 
ce] 
S 
Tt 
Sy 
oO 
is 
+ 
~ 
o 
oS 
+ 
S& 
Sn 
oe 
tbe hth tt 


JOB CONCLUDED 
TOTAL JOB TIME 195.49 


Figure 12.60 (Continued). 
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vcc = 6V 


AC2 
1K 





Figure 12.61 BJT Astable Multivibrator. 


is concerned, it doesn’t know which transistor will win the 
race to conduct. In order to help SPICE with the transient 
solution, a good technique is to set some initial conditions 
which give SPICE a starting point for further analysis. 
This, of course, requires that you have an understanding of 
how the circuit starts and runs. 

Such initial conditions are specified in the input file 
in Fig. 12.62, where at time zero QI is on and Q2 is off. Of 
course, in a physical circuit slight differences in transis- 
tor parameters and/or stray circuit capacitances might just 
as likely cause the opposite condition. Notice that the con- 
trol line IC ... has specified five node voltages and 
that the .TRAN control line includes the UIC (use initial con- 


ASTABLE.CIR ASTABLE BJT CIRCUIT 


7 aa 1S A SGUAREWAVE 
Loa £ 3 i 

Q2 4 5 § MODI 

RCL 71 Ik 

RB1 7 2 S@K 

RC2 74 Ik 

RBZ 75 SOK 

CCiB2 1 3 2@U 

CC2Bi 4 2 20) 

wee 7 #6 


«MODEL MODI NPN (TF=19N CJC=i1P CJE=1P) 

»TRAN 9.85 2.5 UIC 

AC W=.1 Vi4i=6 Vibl=-6 Vi2}=8.8 V(7)=6 
»PLOT TRAN Vi) 8,12) V2) (-13,1) 
-OPTIONS NOPAGE RELTOL=8. 41 


«END 


Figure 12.62 Input File ASTABLE.CIR. 
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ditions) specification. Also, the .OPTIONS control line has 
RELTOL=0.01 included. This makes the relative tolerance 1% 
instead of the default value of 0.1%, which saves some compu- 
tation time. 

The graph in the output file, Fig. 12.63, shows the col- 
lector voltage (asterisks) and the base voltage (plus signs) 
of QI versus time. The collector voltage is essentially a 
squarewave, with a period of about 1.5 seconds, and the base 
voltage shows the charging of the 20 uF timing capacitor con- 


Jee L 1 /22/B7iaeeee Demo PSpice (May 1986) #eeeeee17: 06: 07H REE EES 
ASTABLE.CIR ASTABLE BJT CIRCUIT 
He CIRCUIT DESCRIPTION 


FETE EE EEE RETA RE REE EERE EERE AEE EADS 


UTPUT 15 A SQUAREWAVE 
$ MOD! 


a 

a 4 & @ MCD! 
1 ik 
2 Oak 

74 4k 

REE 7 5 Sak 

CCIBE «1 5 BHU 

CC2B1 4 2 2a 

WOO 7 #6 

sMODEL MOD1 NFN (TF=i9N CIC=IP CJE=1F) 

TRAN G95 2.5 UIC 

HC VG)s.41 Vid=b VGie-8 VE 

PLOT TRAN V(1) (8,12) V 

OPTIONS NOPAGE RELTOL=#. 91 


viTIz6 








“END 
#44 BIT MODEL PARAMETERS 


MODI 
TYPE NPN 
15 1.@@D-i6 
BF 198, 006 
NF 1,98@ 
BR 1.00 
NR 1.398 
CIE 1.@@D-12 
TF 1, 4gD-88 
csc i, 9@D-12 


Figure 12.63 Output File ASTABLE.OUT. 
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HE TRANSIENT ANALYSIS TEMPERATURE = 27.80 DEG C 
LEGEND: 
#: VD 
+: V(2) 
TIME Vit 
(#) -----------~ PGOD9G =, AGODG 6 OUGDHGG LATOR 1. 209401 
(+) --o--------- “1. 300D+81 = -9, 5000493 6.0000 = -2.5GEDR LOST A 
-O9GD+88 = 1,469D-81 . 
=.89@D-82 1.301D-81 . 
1,400D-@1 1. 268D-@1. 
1,560D-@1 1.2890-81 . 
2.890D-81 1,2B9D-@1 . 


i 

i 

i 
2.080D-81 1,288D-1 . 
3,090D-61 1,287D-0! . 
3. SG@D-G1 pee : 

1 

i 

1 

i 


ee eee ee 
Se a a eh ee ee ge a ee ee 


4,Q00D-G1 1. 2860-81 . 

4.500D-81 1, 2850-21 . 

5, 988D-81 1, 2B4D-21 , 

5.58@D-81 1.284D-@1 

6, 0860-61 1, 2830-41 : 

6.5000-41 1.282D-61 : 

7. 9990-81 1, 2820-91 . : 

7,500D-81  1.281D-01 . . 

8.90@D-81 1.3490-81 . ' . 

B.O8GD-91 5. 206D+09 . . *, + ' ‘ 
9. 009D-81  5.957D+08 . . # + ' 
9. 500D-81 4. 8940+09 . . * +, . 
1, 98GD+89 6, @8GD+080 , . * +, . 
1,9590+89 4, 900D+00 . ' ¥ +, . 
1.196D+99 6, 000D+8 . ' # + ' 
LAS@D+ad 6. 9000109 . ' * + ' 
1, 206D+00 4. GBUD+09 . . # + ‘ 
1. 250D+90 6. 0000400 . 7 * » + : 
1,20D+09 6, G09D+90 . ¥ + 

1. 35@D+08 6. 000D+99 . * + 
1.490D+99 4. 0G0D+09 . * +5 
L.450D+88 6. 8000100 , * +, 
1.Sa@D+0G 6.900D+09 . * +5 
1.556D+09 3.499D-92 # : +, 
1.690D+99 8.861D-92 +# +, 
1.4500+89 1.249D-81 .# +, 
1, 790D+89 1. 294D-G1 .* +. 
1, 750D+96 1,2B6D-@1 .# +, 
1,800D+05 1.286D-81 .+ +, 
1,B59D+88 1.2B4D-01 .+# +, 
1,990D+00 1. 2850-81 .# +, 
1,950D+96 1.284D-91 .# +, 
2,8080+86 1, 284D-G1 .+ +, 
2.950D+08 = 1.283D-01 .* +, 
2.1G8D+8@ = 1. 2820-81 .+ +, 
2,159D+96 1. 282D-G1 .* +, 
2. 200D+88 1, 281D-G1 .# + 
2.2500+08 = 1.286D-1 .# . . ‘ +, 
2. 3860408 5. 1640408 . : * , » + ' 
2, 358D+89 5. 996D+88 . . * + : 

2.490080 6. OOGDHE . . # + 

2.4500+88 6. 600D+08 . P # +, . 
2, 508D+98 9 6, 800188 . * +, 


JOB CONCLUDED 
TOTAL JOB TIME 197.28 


Figure 12.63 (Continued). 


218 Sample Circuits Chap. 12 


nected to it. The behavior of the circuit once free-running 
oscillation has started confirms the validity of the original 
initial conditions. 


EXAMPLE 12.5.8, ABSVAL.CIR 


A real diode has an offset or barrier voltage (about 0.6 V 
for silicon) which must be overcome before forward conduction 
begins. This makes real diodes not usable by themselves to 
rectify low-level voltages such as audio signals. Although a 
near-ideal diode can be made in a SPICE input file (see Chap. 
11.2), in a real circuit another technique must be used to 
overcome this limitation. Figure 12.64 is a precision recti- 
fier circuit, sometimes called an absolute value circuit. 
The very large open-loop gain of op-amp XI is used to negate 
the diode offset voltage. The output voltage of the circuit 
is the absolute value of the input voltage; in other words, 
it is an ideal full-wave rectifier circuit. 

The input file in Fig. 12.65 models the two operational 
amplifiers with subcircuits, in which the subcircuit contains 
a large input resistance, R-IN, and a big open-loop voltage 
gain, E-BIG. E-BIG is a VCVS (voltage-controlled voltage 
source) with a gain of 50,000 V/V which is controlled by the 
differential voltage across nodes 10 and 20 in the subcir- 
cuit. 

The diodes are truly ordinary, in that they are modeled 
by the SPICE default diode parameters, including an offset 
voltage typical of silicon. The input voltage is a 1 Vp, 100 





GS 
GAIN = 50000 v/V 


° 
vcvs E-BI 


Figure 12.64 Precision Rectifier Circuit. 
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peek CIR ABSOLUTE VALUE (PRECISION RECTIFIER) CIRCUIT, FULL-WAVE 
2 OP~AMPS IN CIRCUIT, SO SUB-CIRCUIT WILL BE USED FOR OP-AMP 
"SURCKT “OP- AMP 26 18 ia 
R-IN 26 18 iMEG 
. BIG 28 8 28 18 SE4 
E~BI6 15 A VCVS, GAIN OF 58,008 V/V 


"ENDS ee 

RA a 

RE 2 18K 

Ro 2 4 {ok 

RD 43 

RE 5 6 1 

BA 2 2 ORDINARY 
DB 4 3 ORDINARY 
MODEL GORDI TNARY D 


X1 @ 2 3 OP-AMP 

x2 g 5 4 OF-AMP 

VIN 1 8 SIN 1 190) 

«TRAN JOM 20M 

«PLOT TRAN V(é) (8,2) V(1) (-3,1) 
ae NOPAGE 

EN 


Figure 12.65 Input File ABSVAL.CIR. 


Hz sinusoid, and the transient analysis occurs for 2 complete 
periods of the input. 

In Fig. 12.66, the output file, the input voltage is plot- 
ted using plus signs and the output voltage is plotted with 
asterisks. The output voltage is indeed the absolute value 
of the input voltage. The accuracy of this circuit depends 
on both the large open-loop voltage gain of the op-amp and 
the excellent accuracy of the resistors. 


EXAMPLE 12.5.9, AM.CIR 


Although SPICE has a built-in model for a frequency modula- 
tion generator (SFFM independent source), it does not have an 
amplitude modulation generator. By using a polynomial non- 
linear voltage-controlled voltage source (VCVS), an AM genera- 
tor can easily be created. The modulation index can changed, 
as can the carrier frequency and modulation frequency. While 
the SFFM source is limited to a pure sinusoid as the modula- 
tion, the AM generator could be modulated by any kind of wave- 
form. 

Figure 12.67 is the schematic diagram of the AM genera- 
tor. V-CAR is the carrier sinusoid and V-MOD is the modula- 
tion voltage, which happens to be a sinusoid with a DC offset 
voltage. It could be a _ pulse, exponential, piece-wise linear 
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seeeeene ((/20/O7eeeeeeee Domo PSpice (May 1986) eeeeteel ds 2a 0peeeeeRee 
ABSVAL.CIR  @BSOLUTE VALUE (PRECISION RECTIFIER} CIRCUIT, FULL-WAVE 


EERE CIRCUIT DESCRIFTION 


# 2 OF-AMPS IN CIRCUIT, SO SUB-CIRCUIT WILL BE USED FOR OP-AMP 
,SUBCET OF-AMF 28 18 3 

RIN 26 18  1MEG 

E-BIG 36 9 20 i@ SE4 

¥ E-BIG 15 A VEVS, GAIN OF 538,900 V/ 

ENDS OF-AKP 


RA 1 2 idk 

RB i 2 19K 

RC 2 4 isk 

RD 43 SE 

RE 5 6 (1k 

Df 3 2 ORDINARY 
DB 4 3 ORDINARY 
sMODEL ORDINARY D 

ui @ 2 3 OF-AMP 
2 § 5 & OP-AMP 
VIN 1 9 SIN(@ 1 198) 


JTRAN .SM 2M 
PLOT TRAN Vid) (8,2) Vil) (3,1) 
.GFTIONS NOPAGE 


+END 


HEE DIGDE MODEL PARAMETERS 


ORDINARY 
15 1, geD-14 
HE INITIAL TRANSIENT SOLUTION TEMPERATURE = 27.800 DEG C 


NODE VOLTASE NGDE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


f 2) O08@ = (2) 008 0 CD) 880 (A) 8899 
{ 3) 2008 fA) GGG 


Figure 12.66 Output File ABSVAL.OUT. 
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HEE TRANSIENT ANALYSIS TEMPERATURE = 27.908 DEG C 
LEGEND: 
#: ¥46) 
+: ¥(1) 
TIME V(h) 
(#) ------------ 989000 = 3. 300-81 1, 8gD+96 1. 5@09D+08 2, 9G0D+90 
[f) eon ecneenee= = 2.908D+8 8-2, G00D+R 8-1, SGD +08 GGG0+49 AAD +99 
29GN+9G =, BUDS + i ‘ + 
5.4000-84 3.9B8D-81 . # . A » ¢ 
1, 9080-83 5.842D-81. 1 * ‘ ; + 
1.500)-93 8.825D-31 . : # ‘ : + , 
2, 408D-83 9.449D-1 . ‘ %, ‘ +, 
2.500D-03 9.989D-81 . z # : + 
S 3: 5000-93 9, 4580-81 . ‘ ¥ ‘ +, 
SG0D-83  B.8250-91 . : : ; + 
1 aeb-83 5.837D-a1 . 1 2 : + 
4,500D-03 3,9B6D-81 . # : ; . +t 
5.090D-32 8.627D-82 . # : 5 + 
5.508D-03 3.865D-#1 . t i ‘ + 
5,930D-83 5. 8420-81. ok - + 5 : 
6.599D-93 8.983D-01 . : * ,¢ : : 
7, 0000-83 9.458D-@1 . : #,+ : i 
7,0880-83 9,921D-@#1 . x 
8.0800-83 9.449D-81. . #.+ 
8.5000-03 9§.082D-81 . é # + 
9, 0800-03 5.948D-1 . .# - + : 
9.500D-83 3.9466D-1 . # 2 - fs 
{.90@D-82 1.907D-#1 . + ' : + ; 
{.@50D-82 3.987D-81 . # ; : . + 
1.19@D-#2 5.8420-41 . .* : : + 
L.15@D-32 8.8250-91 . - # : Z t+, 
1.200D-82 9.4450D-@1. ‘ #, ; +, 
1.258D-82 9.999D-#1 . : % ‘ + 
1.308D-2 9, 4580-01 , #, , +, 
1.35g0-#2 8. 9250-41 # + 
1.46@D-@2 3,937D-21 $ + 
1.45@D-@2 3. @384D-81 ¥ + 
{.58@D-22 8.627D-02 . # + 
1.5500-€2 3,@65D-41 . & + 
1. 6880-82 5, 8420-1 # + 
1,65@D-82 98. 9930-21 # + 
1.78@D-82 9, 458D-#i ¥.+ 
1.75@0-€2 7,921D-#1 i 
1. 808D-82 9, 4490-81 ¥,+ 
1,850a0-#2 9. 9820-81 ¥ + 
4.980D-€2 5. 846D-#1 . 1 # Fl + 
1,95@0-82 3.a66D-@1. # ‘ ‘ ts ig 
2, 9080-82 1,@61D-14 + A é + 
JOB CONCLUDED 
TOTAL JOB TIME 27,48 


Figure 12.66 (Continued). 
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Figure 12.67 Amplitude Modulation 
Generator. 


or even SFFM source. Both of these generators will be used 
to control the output of the VCVS E-AM, across which the AM 
carrier will appear. Since SPICE requires that each node 
have more than one element connected to it, three dummy re- 
sistors (R-CAR, R-MOD and R-AM) are used to satisfy this re- 
quirement. 

The input file in Fig. 12.68 specifies the carrier volt- 
age to be a 10 Vp 10 KHz sinusoid and the modulation voltage 
to be 1 VDC in series with a 1 Vp, 2 KHz sinusoid which is de- 
layed 200 us from time zero. The polynomial VCVS E-AM multi- 
plies V-CAR by V-MOD because the p4 coefficient (see Appendix 
C.1.2) is 1 and all other coefficients are 0. The equation 
for E-AM would then be 


e(t) = (1 + 1 sin(2*PI*2K*t)) (10 sin(2*PI* 10K *t) 


which is the equation of a 100% modulated AM, or DSB-FC, car- 
rier. The % modulation can be decreased by lowering the amp- 
litude of the 2 KHz sinusoid from 1 Vp. The only change need- 


AM.CIR AMPLITUDE MODULATION USING A POLYNOMIAL VCVS 

+ POLYNOMIAL CONTROLLED SOURCES ARE COVERED IN APPENDIX C 
V-CAR «18 9 SIN( 2 19K) 

¥ V-CAR 1S 19 VF 19 KHZ SINE, CARRIER 

R-CAR 18 @ i 


V-MOD 26 9 SIN(L i 2k 20a) 

# ¥-MOD IS 1VDC + 1 VP 2 KHZ SINE, DELAYED 20 US, MODULATION 
R-MOD  o2@ 8 1 

E-AM 27 «9 POLY(2) 19 9 O68 8 8 Ol 

RAM 38 8 1 


TRAN i8U iM 
-OPTIGNS NOPAGE 
»PLOT TRAN Vi28) 
«END 


Figure 12.68 Input File AM.CIR. 
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ed to change E-AM into a double sideband suppressed carrier 
is to change the DC offset voltage from 1 V to 0 V. 

Figure 12.69 contains the output file which shows an un- 
modulated carrier for the first 200 us, at which time the mod- 
ulation envelope of a 2 KHz sinusoid begins. The carrier 
reaches its maximum values at 325 us and 825 us; the minimum 
occurs at 575 us when the carrier amplitude drops to 0 V. 


12.6 .TEMP, .FOUR, .TF, .OP, .DISTO, 
‘SENS & .NOISE CONTROL LINES 


EXAMPLE 12.6.1, VARYTEMP.CIR 


In order to examine the sensitivity of diode current to temp- 
erature, a diode with SPICE default parameters is connected 
to a DC voltage source which can be stepped through a range 
using a DC analysis. The DC analysis results can be used to 
plot a volt-ampere characteristic of the diode. Figure 12.70 
shows the dead voltage source VSENSE connected in series to 
measure diode current. 


sees | 1/22/07 eEEE Demo PSpice (May 1926) #eeeeee1 9: DLs 4eeeeeeee 


AM.CIR = AMPLITUDE MODULATION USING A POLYNOMIAL VCVS 
HERE CIRCUIT DESCRIFTION 
JUBA EE 


¥ POLYNOMIAL ae SOURCES ARE COVERED IN APPENDIX C 
V+CAR if @ SING 18 


15k 
% V-CAR IS 19 VP 1@ KHZ. “SINE, CARRIER 
R-CAR 18 § 1 
Y-MOD 28 6 SING i 2h 28aU) 
% V-MOD 7 IVDC + i VP 2 KHZ SINE, DELAYED 288 U5, MODULATION 
R-MOD 26 @ 
E-AM 38 @ POLY(2) i@ @ eee og t 
R-AM 3 ‘i i 
TRAN 19U 


OPTIONS NaPAGE 

«FLOT TRAN Vi3@) 

END 

HELE INITIAL TRANSIENT SOLUTION TEMPERATURE = 27,988 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 

{ 49) 0888 (28) 1 » AGGE 


Figure 12.69 Output File AM.OUT. 


HERE TRANSIENT ANALYSIS TEMPERATURE = 27.902 DEG C 


TIME Vi3@) 


-2.800DtG1  - 1. GGED+E i -BOGDEG = |. GRDHD 0 2, AMT) 












Heed PGR+Re , . = 7 
1. G020-#5 2, 7O4D 88 , # . 
2, 880-25 2. LAD Hig : %. 
3 9.126 : %, 
of i # : ‘ 
* % ‘ 
. ¢ ' 
5-9, »L4BD+8e . 2 . 
~7, {26D+8 ‘a. & : : 
-S,6labd2 . . % . , ‘ 
2,A240-@2 . 4 # : : 
S.A7hD+86 . ; : # : ; 
9, 148D+ae , : : ¥, : 
F AZ6H4+8e , : : £, ; 
S,Gl8D+ie . 7 x ¥ ; ‘ 
1.5 ~3.G250-82 . ; ¥ i ; 
1, oa “S,A760+88 , : # : : : 
1. 7890-24 -9, 148D+8e . a : : : 
{,SG8D-84 -9, i26D+Ee . # : . , 
1, 9880-84 -3.619D+ae . ; # : ‘ : 
2, 8080-84 -7, 5950-14 , ' * ‘ ' 
2,1880-84 G.497G . ‘i : *  , : 
2, 200D-94 LUD. ; , . : 
2.0880-84 L.Zolhal . ' : . # ; 
2, 488D- gi4 g, Laan ® ’ ’ * ‘ . 
2, c0@D-4 -i 0780-81. i * ‘ : 
2. 6g8D- G4 -F, 524s F : : : 
2,7 O80-04 -1. 6840481. # : : ; : 
2,500D-04 -1,4630¢@1 . + : : ; : 
2. 9800-84 -1, 857081 . *, . . : 
3. @880-84 3, 9980-82 . : # , ‘ 
3, 1880-64 i.i1aD+#i . é . 1 ' 
3. 280D-84 1.806D+E1 . : , ‘ * , 
3.a@@0-24 1. OGéDtel . : . % , 
2. 408D-84 1. ASDte : : # . 
T.5080-84 5. 9980-22. : # : ‘ 
2, 688D-84 -L.@a7heal . *. . é : 
3. 7880-84 -1,663D+81 . 7 
3, 8880-84 -1, S04D+81 . + 7 . : . 
3, 9000-84 -9, 524D+88 . 1% : . ; 
4, 0080-04 -1. 5700-41 . ‘ ¥ : 4 
4,198D-04 8. 14an+ae . . . ¥. 
4, 2000-04 1. 20D . j 7 2 ot 
4,3000-84 LAG. : A _# 
4,4g0D-04 4, 445D+89 . . : ¥ : : 
4,5¢a0-04 1,94¢0-21 . . ¥ : : 
4, 6600-84 -4, 72508 ‘ # : : 
4, 7800-84 -6, 7420406 . fe : : ‘ 
4, 5000-84 -5, 7780408 . : # ‘ 
4, 9ag0-a4 -2.G40D+a8 . : % 


Figure 12.69 (Continued). 
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-2. 0000461 = - 1, B0UD+91 ORGD+98 = 1. BUEDHAL = 2, ABD + G1 


5. @ggD-04 -1.5780-81 . : # 
3.180D-84 i.657D+80 . : »* 
5.288D-04 2.00108 . ; . # 
5. 388D-04 1. Ao0+e . ; .# 
5. 480D-84 =6.009D-H1 : + 
S.o8eD-84 = 5. 996D-a2 . : & 
3, 0800-84 -8.944D-22 . x 
5. 780-94 -3. 1900-82 . ; ¥ 
2. 880D-84 -7,198D-@2 . : # 
5. 7880-34 -O.044D-82 . 7 % 
6. 980D-04 5. 996D-92 . ; ¥ 
6, 1000-84 6.088D-91 . : .* 
6. 2000-04 |. 455Dead . ' # 
6.300D-04 2, 01D88 . , » # 
6.498D-94 1, 657100 . : 1 # 
6, 5880-94 -1.579D-81 . : ¥ 
6. 6000-04 -3, 0400400 . , eos 
6, 7890-84 -3.778D+89 . e-) i 
6. B090-84 -4.7420+00 . «i ¥ 
6. 9800-84 -4,7350+00 . : # * 
7,0880-84 1,940D-1 . : # 
7, 1980-84 6. 445D+00 . : : * 
7, 2000-04 1.135D+81 . ; : ait 
7.35000-34  1.231D+01 ’ , . & 
7, 4000-84 8, 140D+09 . : , #, 
7, 080D-34 -1.970D-G1 . ; ¥ ' 
7, 680-04 -9, 3240400 . # ‘ : 
7, 7080-84 -1,604D+81 . 0 * : 
7, 8000-84 -1,462D+81 . * : 
7.9900-94 -i,@57D+@l . ¥, : 
8.9800-04 5.992D-82 . ' # : : 
8.i8@0-24 111Gb. : : .* : 
8.288D-84 1, B64D+81 . : : i . 
8.3000-84 1,8¢4D+81 . : ‘ : * 
8,408D-84 1, 119D+91 . ; , # 
8.580D-24 5.992D-82 . : + ‘ 
8, O8@D-84 -{, 0570481 . % : 
8. 7@80-84 -i.6630+81 .  * . 
B.BA0D-G4 -1.684D+01 . # : 
8.906D-04 -9, 5240480 , .# : 
9.G80D-84 -1, 5780-81 . ‘ + ' 
F,180D-G4 8. 148D+ae . : : ¥, 
9, 2000-94 1. 2IDL. : : at 
9, 300D-04 LL, : : .# 
9. 4MSD-94 4, 4450408 . . t, 
7. s0aD-G4 1. 9490-G1 : x 
7, GoeD-04 -4, 73SD+88 : ¥ : 
9, 7800-84 -6. 7420408 . . * 
9, B8@D-84 -5. 77680408 . . # 
7. 980D-84 -3,040D+8d . ‘ * , 
L.8eD-@2 1.919D-14. * # 
JOB CONCLUDED 
TOTAL JOB TIME 21,78 


Figure 12.69 (Continued). 
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+ VSENSE - 





+(e] 


Figure 12.70 Diode Test Circuit. 


The input file, Fig. 12.71, shows that the DC source is 
stepped from 0.65 V to 0.80 V. The .TEMP control line speci- 
fies that the DC analysis will occur at a circuit temperature 
of 50 deg C, and will be repeated at 100 deg C. For each 
analysis, a plot will be made of diode current versus diode 
voltage. 

The graphs in the output file, Fig. 12.72, look very simi- 
lar at first glance until you realize that SPICE has scaled 
them differently. For example, for a diode forward voltage 
of 0.7 V the diode current is 21.88 mA at 50 deg C and 242.3 
mA at 100 deg C. The effect of temperature on diode current 
could be made clearer by using plot limits to make the cur- 
rent scales the same on both graphs. 


EXAMPLE 12.6.2, DELTAT.CIR 


The effect of temperature on a BJT differential amplifier 
with a constant current source is done using the .TEMP con- 
trol line. Figure 12.73 shows the circuit, which includes a 


VARYTEMP. C1 FLOTS DIODE I-V CURVES AT DIFF TEMPS. 
VIN 4 @ DC $8.5 

D6 @ TYPE 

VOENSE 4 6 @ 

MODEL TYPE: D 

«DO VIN .65 98 095 

-PLOT DC I (¥SENSE) 

,QPTIONS NOPASE 

-TEMP 38 188 


chin 
soi 


Figure 12.71 Input File VARYTEMP.CIR. 
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single-ended input voltage source VIN connected to the base 
of Ql. 

The input file, Fig. 12.74, includes a .TF (transfer func- 
tion) control line. This is explored in Ex. 12.6.4 as well. 
The transfer function will give the input resistance at VIN, 
the output resistance at node 3, and the voltage gain from 
VIN to the collector of QI (node 3). 

Output file DELTAT.OUT (Fig. 12.75) includes a complete 
analysis of the BJT model parameters, a small-signal bias so- 
lution, operating point information about each transistor and 
small-signal characteristics (the result of the .TF line) at 
both temperatures specified in the .TEMP line. 

At 0 deg C, the voltage gain is -71.85 V/V while at 100 
deg C, the voltage gain has decreased to -51.71 V/V. 


Hee] 1/22/87 eee Demo PSpice (May 1986) eeeeeee20: 01: 47 
VARYTEMP.CIR PLOTS DIODE I-V CURVES AT DIFF TEMPS, 
HEE CIRCUIT DESCRIPTION 


ERRELE ARETE ERE EE REEL EE ESHER ELE ELE EEE LENSE EESEIRES ERED EEE EEE EEE EEE EEE 


VIN 4 8 DC 9.5 

PD 6 @ TYPEL 
VGENSE 4 6 & 

+MGDEL TYPEL D 

+DC VIN .65 8G 85 
-PLOT DC T{VSENSE) 
OPTIONS NOFAGE 

TEMP S@ 188 

END 


tet DIODE MODEL PARAMETERS 


TYFEL 
1S 1,88D-14 


Figure 12.72 Output File VARYTEMP.OUT. 
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HE4E TEMPERATURE-ABJUSTED VALUES TEMPERATURE = 54.039 DEG C 


eee+ DIODE MODEL PARAMETERS 


NAME 15 VJ C10 
TYPEL 2.G470-12 F.7E7D-81 | BBGD HES 
ERE DC TRANSFER CURVES TEMPERATURE = 50, 808 DEG C 

VIN 1 (SENSE) 

ODE «= 2OEOD-F ADL 6 GED- O18 BOE 

6.5880-81 2.633D-83 + ‘ . , 
65580-0914, 3480-03 + . . ‘ 
6 588-1 5. 203D-83 + . : ; . 
6.658D-91 &.227D-83 + ; ‘ : : 
6, 7880-01 7, 4520-82 * : : ’ : 
6.7500-81  8.917D-83 .* ; : : : 
6,Q00D-#1 1, G47D-82 .# : ! : . 
6,850D-@1  1.2770-82 .# : ; : ‘ 
&.9@8D-31 1, 5280-82 .# ' : : : 
&.958D-@1 1.8290-@2 .* : ' : ‘ 
7,@80D-G1 2. 18BD-@2 .* : : F ‘ 
7,G50D-G1  2.619D-82 . + : ' : : 
7.1GGD-#1  LAAD-#2 . # : ' F ' 
7, 1580-81 3. 7000-82 . + ' ‘ ‘ : 
7.2000-91 4,4B6D-#2 , # ; ‘ , 

7.2580-@1  S.S71D-82 0 # . . . 

7, 0880-81 6.427D-82 . : 
7,350D-01  7.691D-#2.. 0 * ‘ : 

7 AGSD-H1 9. 2040-92 . % : : ’ 
7.45@0-G1 i. UG1D-@1 . % . : : 

7,cd@D-@1 1. 318D-@i . ze, : ' ’ 
7, S08D-@1  1.5770-a1 *. . . : 
7.4880-81 1. B88D-81 %, ' : 
7,O080-#i 2.259D)-@1 . _# ‘ : 
7, 7080-91 2.703D-G1 . * : ‘ 
7,73@0-f1  3.235D-81 . * : 
7,600D-#1 2.871081 . ¥, ' : 
7.S5G0-G1  4.652D-8i . 7 x, 8 : ‘ 
7.9080-81 3. 544D-d1 . ' : % . 
79580-9114. 634D-91 . : ; ¥ : 
8.000D-81 7.939D-#1 . . : ¥ 


Figure 12.72 (Continued). 
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#E4E TEMPERATURE-ADJUSTED VALUES TEMPERATURE = 190,999 DEG C 


#4e* DIODE MODEL PARAMETERS 
NAME 15 VJ CI0 


TYFEL B.509D-11 7.2990-81 =. aaaD+88 
Hee DC TRANSFER CURVES TEMPERATURE = 186.980 DEG C 


VIN TiVSENSE) 
ODE = 2900S AED LAREDO. PED +89 


6.500D-81 5. 1180-82 + 
6, c08D-G1  5.979D-G2 # 
6.698D-91 6. 995D-@2 + 
&,6590-81 8.149D-82 .# 

6, 7900-81 9. 5320-82 .# 

67080-9111. 114D-81 .# : . : 

6, 9000-81 1.3G1D-@1 .# ‘ : . : 
6.850D-G1 1.520D-91 .# : 
6. 9000-81 1.776D-9i .* 

6. 758D-G1  2.874D-81 1+ 

7,0080-#1  2.423D-91 . # 

7.@500-G1 2.831D-01 . * ; 
7, 194D-81 3.3670-@1 1 * : 
7. ote G1 3,864D-81 . + : 


2 30)- G1 7.196D-#1. + 
7,400D-81 8.437D-@1.  * 
“4500-81 9.8220-01 # 
: 1,147D+89 
090-81 1. 540D+88 . # 

OGOD-G1 1. S66D+89 . * , 

-OS9D-#1 1. d29D+88 &, 

7OED-G1 2.13 7DE .# 

7, 7000-81 2. 4970488 . » # 

7, BOGD-91 2,91 7D+89 . . # 

/850D-81 3.408D+88 . ‘ eo 
7,908D-$1 2. 90iD+aO . : * 

TMD-G1 4. Goa. : ~ # 
8, 8800-81 5.432089 . ‘ ‘ # 


JOB CONCLUDED 
TOTAL JOB TIME 9.48 


md od od it 

mn 
Sy 
Ss 
eo 
Se 
— 
« 

oe 


Cyd td ~§ “ott 


Figure 12.72 (Continued). 
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vcc = 10 Vv 





VEE = -15V 


Figure 12.73 Differential Amplifier 
Circuit. 


BELTAT.CIR 
R51 i 2 & 


oo AMF. OP. POINT AT 3 TEMPERATURES 
iG 


VEE 9 @ -15 
O13 2 4 MoDt 
a2 5 4 4 NOD! 
Qcs 4.7 8 MODI 


RCSi 7 @ B2k 
RCS2 7 9 82k 
ROS? 8 9 3.ék 
¢MODEL MODL NPN 
»TF OV(3) VIN 
sTEMP @ 125 
.OFTIONS NOPAGE 
END 


4 
a? 


Figure 12.74 Input File DELTAT.CIR. 
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eee 1/22/87 sees Demo POpice (May 1906) tee] 9: 3: See eee 
DELTAT.CIR DIFF. ANP. OP. POINT AT 3 TEMPERATURES 
et CIRCUIT DESCRIPTION 


FREREELERE EEL ER EEE ERE REET ERRATA EERE RESALE TEE TEETER ARE 


Rol i 2 S8@ 
R52 6 9 5G 

VIN 1 @ AC 

ACL ii 3 Lak 
ACS 11 3 18k 
VOC il @ i8 
VEE 9 @ -15 

Gi 3 2 4 MODI 
2 5 & 4 MODI 
fC5 4 7 8 MODI 
RCSi 7 @ O2k 
RCS? 7 9 Bek 


MODEL MODE NN 
ATE VG ) VIN 

» TEMP 3 125 
CFT IONS NOPABE 
END 


HEE BJT MODEL PARAMETERS 


MODI 
TYFE NFN 
5 1. @@D-16 
BF 199. 28 
NF 1,909 
BR i, ag 
NR 1,898 


Figure 12.75 Output File DELTAT.OUT. 


#44t TEMPERATURE-ADJUSTED VALUES TENPERATURE = . #88 DEG C 
eee BJT MODEL PARAMETERS 
MARE 1S nF TSE ER TSC VIE WIC 
MODAL i,8040-18 1.Q80D+82 GOED) 1. EOGDG = .BOGDNEE 7. 9650-81 7. 965D-21 
EE4e SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 008 DEG C 
NODE © VOLTASE NGDE = VGLTAGE NODE VOLTAGE NODE © VOLTAGE 
it) ORG (2) HE (6G C4) - 7851 
( o) 6.355 ( 6) -.#i8 ¢ 7) -7,8818 ¢ 8) -8.6857 
( 9) -i5,a@g@ (11) ie, ages 
VOLTAGE SOURCE CURRENTS 
NAKE CURRENT 
VIN 3, 6440-86 
¥oC ~7, 209-94 
VEE 8.31 30-84 
TOTAL POWER DISSIPATION  1.98D-@2 WATTS 
HERE OPERATING POINT INFORMATION TEMPERATURE = 886 DEG C 


#ee% BIPOLAR JUNCTION TRANSISTORS 


gi a2 
NQDEL RODi MODi 
IE S.O4E-46 3, 64E~f6 
I S.O4E-84 3, 646-04 
VBE 787 : 
VEC ~6.36 -6.36 
VCE 7.14 7.44 
RETADC = 188, 186, 
GH L.S5E-82 1.55€-82 
RPI 6.46E+83 6.466183 
x GREGG =. GET AG 
RO L.QGE+12 1. GGE+12 
CPI /GGE+8G =, GOE+BG 
CHU MEMO =. AGEN 
CBX GOES =. OGE+EB 
cCS -SGE+GG =, GOE+EG 
RETAAC «188, 108, 
FT 2.40E+17 2. 46E+17 


acs 
MODI 


7, 36E~Hb 
7, S6E-84 


4, 9BE+17 


Figure 12.75 (Continued). 
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KEES 


HEE 


NAME 


MODI 


$444 


NODE 
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SeEE SMALL-SIGNAL CHARACTERISTICS 
VCE) VIN = -7, 1850+81 
INFUT RESISTANCE AT VIN = 1, 3920404 
QUTPUT RESISTANCE AT Vi3) = 1, @89D+84 


TEMPERATURE-ADJUSTED VALUES TEMPERATURE = 125.808 DEG C 


BJT MODEL PARAMETERS 


EF SE BR ISC WIE VIC 


7 
4 


wo 


9.831D-12 1. ABODE? FOGD+09 1.900009 .900D+09 5, 7270-1 5, 7270-@1 


a 


SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 125.808 DEG C 


VOLTASE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


gees (DN) 8 28BB (4) OARS 
6.0583 ¢ 6) -e8H19 0 7) -7.8898 (8) 8.4557 


-15.0008 (11) 18, B88 


VOLTAGE SOURCE CURRENTS 


NAME CURRENT 


td 


TAD 
-7, 4820-04 


wi Bh-a4 


oo 


TOTAL POWER DISSIPATION 2.@20-82 WATTS 


Figure 12.75 (Continued). 
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Het OPERATING POINT INFORMATION TEMPERATURE = 125.808 DEG C 


#4 BIPOLAR JUNCTION TRANSISTORS 


qi 2 GCS 

MODEL MODI MODi MODI 

IB T.74E-86 748-96 7. 56E-0b 

IC 3. 746-84 3, 746-84 7, 065-24 

VBE « G62 » 602 52 

VBC ~4,26 ~b.26 “72k 

VCE 6.04 6,34 7.83 

BETADC = 189, 188, ge, 

SH 1876-92 1.G9E-G2 2, 29E-G2 

RPI F,U7Et#3 QU7EHES 4, 54E a3 

RX HEHE = OE+EG E+ 8 

RG LQ@GE+12 L.OGE+12 1, 0E+12 

CPi JOE | GSE+EG AGED 

CMU AOE | EHEG EEG 

CBX JOGE+O = OEHBG EH EG 

CCS AEG = MESO ORE 

BETARC «184. {29. 188. 

FT L.74Et+17 74H? B.S1E+1? 

Bett SMALL-SIGNAL CHARACTERISTIC 
VES} /¥ID = -5.17i Di 
INPUT RESISTANCE AT VIN = 1,934D+04 
OUTPUT RESISTANCE AT ¥(3) = 1, 880D+24 


JOE CONCLUDED 
TOTAL JOB TIME 8,0¢ 
Figure 12.75 (Continued). 
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EXAMPLE 12.6.3, FOURIER.CIR 


A Fourier analysis of a waveform can be done by SPICE in con- 
junction with a transient analysis. The circuit of Fig. 
12.76 is a half-wave rectifier with a _ resistive load. If the 
correct fundamental frequency can be specified in the .FFOUR 
control line, the amplitude and phase of the first nine  har- 
monics present in the waveform will be calculated and printed 
along with the DC value of the waveform. The fundamental fre- 
quency in this case should be the input sinusoid frequency. 

The input file, Fig. 12.77, shows the input source fre- 
quency to be 100 Hz, with a period of 10 ms and a peak volt- 
age of 1 Vp. The transient analysis is done for 10 ms, and 
the fundamental frequency is clearly 100 Hz. The diode model 
is modified by setting N to .001 to make the diode nearly 
ideal. 


f] 5 C4 


RL 
VAC 4K 


Figure 12.76 Half-wave Rectifier Circuit. 


FOURTER. CIR 1/2-WAVE RECTIFIER W/FOURIER ANALYSIS 
VAC 2 8 SIN@ 1.8 188) 

D2 4 IDEAL 

RL 4 @ LK 

«MODEL IDEAL D(N=@. 281) 

»TRAN .25M 13M 

“FOUR 198 914,09) 

-PLOT TRAN V(4,9) V(2,@) 

-OPTIONS NOFAGE 


END 


Figure 12.77 Input File FOURIER.CIR. 
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The graph in the output file (Fig. 12.78) has two plots: 
the input sinusoid (plus signs) and the rectified output volt- 
age (asterisks). At the peak of the output voltage the ampli- 
tude is 0.998 V, indicating that the diode is dropping only 2 
mV. 

The Fourier component table lists the DC value to be 
0.3178 V, very close to the theoretical value of 1/PI V. The 
amplitudes and phases of the first nine harmonics are listed 
as well. 


eeeeeeen] | /22/O7eeeeeeee Demo POpice (May 1906) eeeeeeed 7: 44s | Qeeeeeeee 
FOURIER. CIR 1/2-WAVE RECTIFIER W/FOURIER ANALYSIS 
eee CIRCUIT DESCRIPTION 


SEREELEEEE RES ERESERERERE RE EES E EELELERELERT ELE ERASER EES ELSE EERE EEE EEE 


VAC 2 8 SING 1.8 188) 
BD 2 4 IDEAL 
ALLE 

-HODEL IDEAL Dine, 521) 
«TRAN «25M 19M 

«FOUR LHe Vi4,4) 

-FLOT TRAN Vi4,@) V(2,@) 
-UPTIONS NOPAGE 


END 
see DIODE NODEL PARAMETERS 
IDEAL 
13 1. B0D-14 
N O81 
eee INITIAL TRANSIENT SOLUTION TEMPERATURE = 27.90 DEG C 


NODE = VOLTAGE NODE VOLTAGE 


( 2) HOGG fA) O88 


Figure 12.78 Output File FOURIER.OUT. 
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JHE TRANSIENT ANALYSIS 
LEGEND: 
e: V(4) 
+: VQ) 
TIME Vi4) 

(Boot eeses- -5, 699D-G1 » 980D+08 
(+) ----n nnn ~L.080D+89 = -5, 0090-21 
HE | ODE % 
2,0000-@4 1.558D-81 . ; 

5,868D-24 2.8790-91 . 


7000-4 
1, @8GD-83 
1. 258D-93 
1. 308D-43 
1. 7580-@3 
2. 9080-83 
2. 2580-95 
2. 0800-83 
2, 7500-93 
3. 898D-93 
3, 208)-93 
3, 0840-83 
3. 7500-3 
4, GgaD-23 
4, 2580-93 
4. 880-93 
4, 75aD-@3 
3. @RGD-G3 
2ueD-B5 
agaD-G2 
758D-@3 
agaD-#2 
208D-93 
58@)-93 
758D-93 
aga)-83 
2580-83 
a8OD-83 


MN or oo once 


3, OBAD-83 
B, 730D-83 
7. @aGD-93 
9, 208D-83 
9, S@aD-83 
9. 7380-23 
1, 88@D-82 


Sample Circuits 


4, 5200-81 . 


TEMPERATURE = 


5. @80D-81 


5.862D-#1 . 
7. 9630-81 . 
8.473D-81 . 
§.886D-81 . 
9. 489D-91 . 
9, 8680-81 . 
9,988D-81 . 
9, 851-81 . 


9, 4890-81 


8.991D-81 . 
8.9730-H1 . 


7, 951D-91 
3. 962D-91 
4, 5320-81 
3, 980D-81 


1,cuuD-81 . 

2.01 30-82 
-1,664D-18 . 
-3,1846D-18 . 
~4. 6310-18 . 
~5, 9690-18 . 
~7,178D-18 . 
~8.179D-18 . 
-8.993D-18 . 


-9, 596D-18 
-9,7750-18 
~1, 289D-99 
~9, 9570-18 


3 -9.575D-18 . 
3-9. 9900-18 . 


“8.179D-18 . 
-7.157D-18 . 
-3. 968D-18 . 
-4,659D-19 . 
~3. 1860-18 . 
-1,o61D-i8 . 


~1, 0080-11 


+ 


i 


ae ook acs 
+ 


+ 


237 
27.888 DEG C 
{,08eD+g9 = 1, Saag 
3, 849D-G1 1, Of¢D+00 
+ . ‘ 
+, , 
. + : 
. + . 
% : + 3 
t, + , 
*, +, 
* + 
¥ + 
% + 
*, t, 
* , + 
* 7 + 
. + 
otk 
+, 
+ 


Figure 12.78 (Continued). 
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HEE FOURIER ANALYSIS TEMPERATURE = 27.888 DEG C 
FOURIER COMPONENTS OF TRANSIENT RESPONSE ¥(4) 
DC COMPONENT = 3. 176D-#1 
HARMONIC FREQUENCY FOURIER NORMALIZED © PHASE NORMAL [ZED 
NO (HZ) COMPONENT COMPONENT (DEG)  FHASE (DEG) 
i 1.OG8ee2 = 4. 9960-81 1, B2908¢ 867 « 886 
2 2.800D+82 = 2, 1160-1 424928 -90. 819 -89. 952 
2,00@D+82 = 5, 1810-34 SOOIGE -189.575 189, 504 
4 4, G60D+82 4, 2040-82 AB4255) — ~98, 845 -87, 982 
oe GGOD+H2 = 9, 2550-04 MATS -93.439 -93,572 
6.800D+82 = 1, 7820-82 6835719 ~98,157 ~99, 998 
7 7. @OOD+82 5, 2580-44 801954 =| -B9.196 BF, 129 
g B.W6ab+82 = 9, 7540-83 SAIIS4G = ~96,378 -9G. 311 
9 9, GGan+a2 = 5, 2490-04 GO1952 = -85.983 -BE. 916 


od 


nn 


a~ 


TOTAL HARMONIC DISTORTION = 43, 422851 PERCENT 


JOB CONCLUDED 
TOTAL JOB TIME 13.68 
Figure 12.78 (Continued). 


EXAMPLE 12.6.4, LH0005.CIR 


A National Semiconductor LH0005 op-amp will be used to demon- 
strate the use of the .OP (operating point) and .TF (transfer 
function) control lines. The equivalent circuit of the 
LH0005 is shown in Fig. 12.79. Not shown in the schematic 
are two input voltage sources, VINI and VIN2, which are con- 
nected to nodes ! and 3, respectively. Both VINI and VIN2 
are dead sources, each with 0 V amplitude. 
The input file, Fig. 12.80, contains the control line 


TF V(12) VINI 
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vcc = of 22 v 





12k > REG@204 


VEE ="-12 Vv 


Figure 12.79 Equivalent Circuit of the 
LH0005 Op-Amp. (Courtesy of National 
Semiconductor Corp.) 


LH@@@S.CIR NATIONAL SEMICONDUCTOR OP-AMP IC 
vec 29 i 

VEE 4 9 -12 

ai 2 1 3 MODI 
Q2 6 3 7 MODI 
3 2 3 9 MODI 
a4 B 9 7 MODI 
RCQ2 2 & 18K 

RCO4 862 8 18K 

VINE 61 8 8 

VIN 3 9 § 

REQ204 7 4 12K 

Q5 @ 8 if MOD2 
6 ti 6 18 MOD2 
REQSG6 2 19 2K 

ROQS oll 4 2k 

Q7 2 ii 12 MODI 
a8 4 11 12 MOD2 
RL 12 8 19K 


«MODEL MODi NPN 
»MODEL MOD2 PNP 
OP 
oTF Vi12) VINI 
-GPTIONS NOPAGE 
END 


Figure 12.80 Input File LH0005.CIR. 
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which will give the DC small-signal input resistance at VIN1, 
the output resistance at node 12, and the open-loop DC volt- 
age gain from VINI to the op-amp output at node 12. The .OP 
control line causes SPICE to print detailed operating point 
information about semiconductor junction voltages, currents, 
and other parameters. Since the transfer function input is 
VINI, the DC voltage gain that results will be the open-loop 
differential gain. 

Figure 12.81 contains the output file which provides the 
Operating point information and transfer function. results. 
The open-loop differential gain is 3,753 V/V, which agrees 
well with data sheet information. If you wanted to determine 


ee] 1/22/87 eee Demo PSpice (May 1986) eeeeeeei 9s 46: 27 eet 
LH@@95.CIR NATIONAL SEMICONDUCTOR OP-AMP IC 
Hee CIRCUIT DESCRIPTION 


JAE HEEEEEE EE EE e 


VOD 2 68 O12 

VEE 4 6 @ O12 

ai 2 1 5 MODI 
2 6 3 7 MODI 
3 2 2 9 MODI 
G4 8 9 7 MODI 
RCR2 2 6 gk 
RCQ4 2 8 LEK 
YVIND 1 @ 8 

VIN2 3 § 

RER?G4 7 4 (2k 

Q5 @ 8 ig MOD2 
6 {i 6 18 MOD2 
REGSG6 2 18 2k 

RCQG =i 4 «12K 


a7 2 41 12 MODI 
8 4 i1 12 MOD2 
RL i2 @ 19K 
«MODEL MODI NPN 
«MODEL MODZ FNP 


» OF 
JTF Vi12)VINI 
ooo NOFAGE 


Figure 12.81 Output File LH0005.OUT. 
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EERE 


TYPE 


BF 
NF 


NR 


FREE 


NODE = V 
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BJT MODEL PARAMETERS 


NOD1 NOD2 
NEN PNP 
L.89D-16 1.00D-14 
iGe. Ge | 186, 080 
1. aad 1.8a@ 
1, 008 1, Gag 


1, ag 1,889 


SMALL SISNAL BIAS SOLUTION TEMPERATURE = 27,488 DEG C 


OLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


0030 ( 2) TEMG (2D) 8083 (4) -12, 6089 
“0335 ( 6) 7.7886 ¢ 7) -1.3863 ¢ 8) 7.7886 
“6555 (18) 8.4792 (ti) -1.5525 (12)  -.8251 


VOLTAGE SOURCE CURRENTS 


NARE 


VCC 
VEE 
VINI 


¥IN2 


TOTAL 


EEEE 


CURRENT 


“2, 6270-03 

1 8380-03 
~4, 3340-8 
-4, 3340-98 


POWER DISSIPATION 5.340-@2 WATTS 
OPERATING POINT INFORMATION TEMPERATURE = 27,908 DEG C 


Figure 12.81 (Continued). 
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#44 BIPOLAR JUNCTION TRANSISTORS 


a4 
MOD1 


Sample Circuits 


a5 
MOD2 


6 
MOD2 


Chap. 12 


Q?7 
MODI 


4. 336-98 4.36E-06 4, 33E-08 4. 385-06 -B.71E-@6 -8.71E-O6 -1.S5E-11 
4. 386-4 -8.71E-@4 -8,71E-04 2. 64E-11 


at a a 
Move HOD. MDL, oD 
IC 4,3HE~96 4, 38E-G4 4, 34E-€ 
VEE B33 SS BSS 
VEO 12.0 8.04 -12.8 
VE = 12.6 97,89 12.6 
BETADC «10d. 1,1, 
BH 1.686-94 1,496-82 1, 686-04 
RPI 5. 94EH95 SS. PIEHS 5, 94EH5 
RX BEG AEH OE 
RO LOGEH2 1.006412 1.Q0E+12 
CFI EHD OEM EHO 
CML OOE+99 | SEG «= OE+0R 
CRK EH OOEHGG. OOEHOG 
ccs ES .OUEHAG OE +00 
RETAAC 109, 1,18, 
FT ZO7EHS 2.96417 2.076415 
a8 

MODEL = MOD? 
Ik ~8, 15E-€7 
Ic —~B, 15E~05 
VEE ~. 769 
VEE 1.5 
vee =? 
RETADC 109. 
GM 3, 15E-93 
RPI 3 L7E+@4 
RX «99+ 
RO 1.0E+12 
CFI GE +00 
CML  IOE+A 
CBX Og +00 
ccs GE +0 
RETAAC 1088, 
FT 5.026416 
#44# — SMALL-SIGNAL CHARACTERISTICS 

V(12) /VINI 


INFUT RESISTANCE AT VINi 
DUTPUT RESISTANCE AT ¥ii2) 


JOR CONCLUDED 
TOTAL JOB TIME 


Tae 
-8.¥8 
9.99 
19g. 

1. 69E-@2 
5. F1E+9S 


198, 
2.O9E+17 


19.78 


-.771 
7,71 

~B.48 
199, 

3. 37E-@2 
2. 97E+83 
AGE TRG 
1, QGE+12 
» AGE+8G 
 QBE+8G 
» AOE+8S 
 MGE+89 


198. 
3. S6E+17 


-.771 
9,24 
-19,6 
198. 
3.37682 
2. 97E+83 
 GGE +89 
1.9QE+12 
ORE the 
 BBE+OG 
AGE +80 
AGE +88 
189, 
5.366417 


3.730483 
2, 3750496 
4, 15eD+82 


Figure 12.81 (Continued). 


-.789 
“13.5 

12.8 
1.4 
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the common-mode gain, the input file shown in Fig. 12.82 
would do that. The input voltage source VIN-CM is connected 
to node 1 and a IE-6 ohm resistor, R-SHORT, connects node 1 
with node 3. This makes the input voltage be a common-mode 
input, so the transfer function gain that results is a 
common-mode gain. Its value is 1.132 V/V, which results in a 
common-mode rejection ratio of 3753/1.132, or 70.4 dB. 


EXAMPLE 12.6.5, DISTO.CIR 


A BJT differential amplifier, Fig. 12.83, will have a _ distor- 
tion analysis done in conjunction with an AC analysis. Since 
the distortion analysis causes a substantial amount of infor- 
mation to be written to the output file for each frequency in 
the AC analysis, the AC analysis in this example is done at 1 
KHz only. Refer to Fig. 12.84, the input file DISTO.CIR. In 
the control line .DISTO RC1 1, RCI is the output resistor in- 
to which all the distortion power products are to be calcula- 
ted and the | is the interval which tells SPICE to print out 
the contributions of all nonlinear devices to the distortion 


a CIR NATIONAL SEMICONDUCTOR OP-AMP IC 
eee INPUT, VIN-CM 


Voc 23 

VEE 4 @ -12 
Qi 2 1 5 MODI 
q2 6 3 7 MODI 
gS 2 3 9 MODI 
04 8 9 7 MODI 
RCQ? 2 & 10K 
ROM = 2 BOOK 
VIN-CM 1 9 8 
R-SHORT 31 


1 u 
% R-SHORT I5 A JUMPER (1E-6 OHM) TO TIE INPUTS TOGETHER 
REQ2Q4 7 4 12k 
5 § 8 19 MOD2 
6 {i 6 19 MOD2 
REQSQ6 2 18 2K 
ROB «= otd 4 OK 
Q7 2 il 12 MODI 
8 4 i1 12 MOD2 
RL {2 @ 19K 
«MODEL MODI NPN 
oe MOD2 PNP 
0 
»TF V(12) VIN-CM 
OPTIONS NOPAGE 
END 


Figure 12.82 Input File LHO005CM.CIR. 
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vcc = 14V 





Figure 12.83 Differential Amplifier 
Circuit. 


at each frequency in the AC analysis. If interval were set 
to 5, then only at every fifth frequency would that distor- 
tion information be printed in the output file. 

In the .PRINT control line, HD2 is the second harmonic 
distortion (2 KHz), HD3 is the third harmonic distortion (3 
KHz), SIM2 is the distortion at fl + f2 (1.9 KHz), DIM2 is 
the distortion at f1 - f2 (0.1 KHz) and DIM3 is the distor- 
tion at 2f1 - f2 (1.1 KHz). 

The output file, Fig. 12.85, is printed 133 columns wide 
even though the default width is 80 columns. This anomaly 
DISTG. CIR DIFF-AMP WITH DISTORTION ANALYSIS 

vcC : 


AC 1M 
3 MOBI 
igk 
4k 


§ 
5 MODI 


gk 
»MODEL ODL NPN(BF=75) 
-DISTO RCI 1 

»PRINT AC YM(4 

«PRINT DISTO HD2 HD3 SIM2 
«PRINT DISTO DIM2 DIM? 

-AC LIN 1 ik ik 

-OPTIONS NOPAGE 

END 


ae 
m 
eS 
wee CP md AL nee Ged 
re Ad AS AD pe ad Re HS 


Figure 12.84 Input File DISTO.CIR. 
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seHeeaeeE] 1-1 4-O7eteeeee ALLSPICE (2.11) O9/18/86 teeeeeei 7: 13: [deeeeeee 
DISTO.CIR = DIFF-AMP WITH DISTORTION ANALYSIS 


HE INFUT LISTING TEMPERATURE = 


27,906 DEG C 


EEE ELIS ERHE RE TAE EAHA EEE EEE EEE LEEREHAER EE EBEER EEE ERTIES TELE ERIE 


vec £ @ 14 

VEE 2 8 -9 

VINE 2 8 AC IM 

Qi 4 3 3 NOD! 
RCi i 4 18k 

RE oS 2 4.3K 

VINE 7 @ @ 

g2 6 7 5 MODI 
RC2 1 6 tak 

MODEL MODL NFN(BF=75 


»PRINT DISTO HDZ HD3 5 
»PRINT DISTO DIM2 DIM? 
«AC LIN 1 AF GK 
OPTIONS NOFAGE 





+EN 
+48 BJT MODEL PARAMETERS TEMPERATURE = 27,908 DEG C 
MOD1 
TYFE NPN 
1S 1, 990-16 
BF 75, 688 
NF 1,899 
BR 1,996 
NR 1.098 
eee SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27.880 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 
( 1) (4G 2} - 9, GA B » BEGG 4) 4, 5593 
5S) -.7727 £6) 493 7} + 0092 
VOLTAGE SOURCE CURRENTS 
NAME CURRENT 
yec -1. 8880-83 
VEE 1.9130-83 
VINI 1, 2590-5 
VIN2Z -1.2090-85 
TOTAL POWER DISSIPATION 4.37D-@2 WATTS 
HE OPERATING POINT INFORMATION TEMPERATURE = 9 27.088 DEG C 


Figure 12.85 Output File DISTO.OUT. 
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#444 BIPOLAR JUNCTION TRANSISTORS 


Ql G2 
MODEL. MODI MOD! 


IB 1.26€-95 1.26E-85 

IC 9, 446-84 9, 446-94 

VBE Th TT 

VBC ~4,599 = -4.559 

VCE RERAY 5.302 

BETADC 75.980 75,900 

GH 3.658-82 3, 45€-92 

RPI 2. O5E+9S = 2. 95E+03 

RX EG =. DOE 

RO 1.OEH12 = 1,QBE+12 

CPI PEG GRE 

CMU OE = EH 

CBX OGE8G =. GOE+SG 

Cts FRE = RE +98 

BETAAC 75.908 = 75,908 

FT 5.B1E+17 5. B1E+17 

Jae DISTORTION ANALYSIS TEMPERATURE = 27,008 DEG C 
2ND HARMONIC DISTORTION FREQi = 1.000+@3 HZ 
DISTORTION FREQUENCY 2.080483 HZ MAG i.831D-@1 PHS a) 


BJT DISTORTION COMPONENTS 


NAME &M GPI 60 G02 cB CBR CJE CIC TOTAL 
a ae 6 ee a 2.2@9D-97 1. t- 1. aoe 1. 9990-28 1.9@9D-29 1.908D-20 1.900D-26 5. 749D-22 


189,99 184. 98 +98 @ 4 
a2 MAG 5.752D-92 7.6790-@4 2.988D-97 1.908D-29 1. a 1.906D-26 1.900D-28 1,908D-26 1, 00 26 5. 250 02 


PHS 182.00 189.90 rd Ad + 86 88 
HD2 MAGNITUDE 1. 194D-#3 PHASE 8 = 394 
\ SRD HARMONIC DISTORTION FREQ] = iy 083 HZ 
DISTORTION FREQUENCY 3. 980+83 HZ MAG 1,831D-61 PHS +98 


BJT DISTORTION COMPONENTS 


NAME oH GPI 60 6a GM02 cB CBR CJE 6283 GMO25 TOTAL 
Qi das % ow 1. 2890-84 6, 3820-96 1. a 1.399D-18 1.990D-28 1.9990-26 1.908D-26 1. wnt i, aa 5.2310-98 9, ia 
188.98 6H 188.98 8G 4 a A) 188.68 189.90 89.98 
Q2 Whe 9.8690-93 1. 2690-84 5.964D-H6 1. o0b0-25 {.355D-19 1.990D-28 1. 060D-26 1. a i, wits 1. 3500-19 4.9150-G8 9 96-03 
PHS 186.96 197.08 189.90 98 +8 ad 8. 189.06 189.98 188.99 
HOS MAGNITUDE  1.8450-82 PHASE 188.98 = -34.68 OB 
\ —-2ND ORDER INTERMODULATION DIFFERENCE COMPONENT FREQL = 1,90D+83 HZ FREQ2 = 9,000+82 HZ 
DISTORTION FREQUENCY 1.980482 HZ NAG 1.831D-1 9 PHS 98 MAG 1.831D-@1 PHS 8 


Figure 12.85 (Continued). 
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BJT DISTORTION COMPONENTS 


NAME 60 GNU GMO2 CB CJE CJC TOTAL 
al . 1 tips LS 4, ope O7 i. — 28 2.414D-99 1 oa 1, 80-28 1,9980-28 1. oa 1, 1880-81 


8. a8 6 188.86 8 » 88 4 
a2 we 1.159D-81 1.534D-93 hs Side 87 1,990D-28 2.295D-09 1, _ -28 1 .088D-28 1. 909D-20 1.9900-28 1. 164D- 81 


PHS 189.88 189.9% 8G 2 i ri) 38 3 = 186,89 
IM2D MAGNITUDE = 2.213D-83 PHASE 1G = ~83.18 DB 
2ND ORDER INTERMODULATION SUM COMPONENT FREQi = 1,9@D482 HZ FREDE = 9, aOD+#2 
DISTORTION FREQUENCY 1.9@D+82 H? MAG L.SEID-@! 0 PHE ad MAG 1.a3i2-@: 9 PHS 


BIT DISTORTION COMPONENTS 





NAME oM ou GMU OMOD vB CBR CIE ose TOTAL 
ai MAG 1.2@4D-@i . seH0-22 4.407087 1, AOOD-28 2.414D-09 000-22 +. OD-28 2: w-20 | 0800- 28 .. 1380-81 
PHS 2 ae 180. a 38 18,00 98 MG 04 8 +8 
a MAG 1. i59D~#1 1, 534D-B2 4,177D-@7 1, @@@D-26 2, 2950-07 1.009D-26 1.000D-20 1.90@D-20 .1.900D-26 1. ioaD-@: 
FHS 190.08 180.00 08 +88 ed a8 oe Wi 42 188.98 
IM25 MAGNITUDE = 2, 2130-23 PHASE ie = -Si.1¢ DB 
\ SRD ORDER INTERMODULATION DIFFERENCE COMPONENT FREQL = 1. M@D+83 - H7 FREQ2 = 9, 99D+92 
DISTORTION FREQUENCY 1. 19D+@2 HZ MAG i.831D-@1 © PHS . 9G MAG 1.831D-91 9 FHS 


BJT DISTORTION COMPONENTS 


NAME GM 60 GM) GMO2 CJE BM283 
ai ae 2.811D-82 3. si i. ewe 1, ve 4,196D-18 1. aagn-29 i 000-28 + - 8690-26 1. am-78 4, ane 


198,44 { 48 iG 6 «188, 
Q2 NAG 2. 721D-92 3.628D-04 1.7890-G5 1.#00D-26 4.450-19 1. 0080-28 1. — 1, 960-26 1, _— 26 4. ar 18 


PHS 189.06 189.00 189.00 od 8 ry 8 189, 98 
IMS MAGNITUDE — 5.535D-92 PHASE 189, 4 = -25.14 DB 
APPROXIMATE CROSS MODULATION COMPONENTS 
CMA MAGNITUDE 2. 214D-91 = -i3.18 DB 
CMP MAGNITUDE = 2.712D-17 = ~-331.53_ Dg 
HE AC ANALYSIS TEMPERATURE = 27,008 DEG C 
FREQ YM(4) 
1, GORE+E3 1, 831E-81 
HAE DISTORTION ANALYSIS TEMPERATURE = 27.009 DEG C 
FREQ i HDS SIM2 
1. GOBE8S L.1G6E-O3 —1,.845€-92 2, 213E-83 
HE DISTORTION ANALYSIS TEMPERATURE = 27.908 DEG C 


FREQ DIM2 DIMS 
1, 9OGE +83 2.213E-G3 5, 535E-82 


JOB CONCLUDED 
TOTAL CPU TINE 7.28 


Figure 12.85 (Continued). 
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8 


8 


GMO23 TOTAI 
1,569D-97 2,77 
186.96 180.98 
1,475D-87 2.759D-92 
186, 188.00 
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evidently is mecessary so that the large amount of informa- 
tion from the distortion analysis will be in a readable for- 
mat. The default reference power level is 1 mW, or O dBm, 
and all distortion products are calculated based on that 
input power level. If the reference power level were made 
higher, all the distortion products would be larger. 


EXAMPLE 12.6.6, SENS.CIR 


SPICE has the capability to determine the small-signal DC sen- 
sitivity of an output variable (node voltage or current 
through a voltage source) to all parameters in the circuit. 
This can be useful for determining which parts in a circuit 
must be very close to their design values and such parameters 
as power supply rejection ratio in an amplifier circuit. Fig- 
ure 12.86 shows the same differential amplifier that was used 
in Example 12.6.5 for a distortion analysis. 

Input file SENS.CIR in Fig. 12.87 includes the control 
line .SENS V(4), which instructs SPICE to print out the name 
and the sensitivities (measured both in V/unit and V/percent) 
of each element in the circuit which will affect the DC volt- 


vcc = 14V 





Figure 12.86 Differential Amplfier 
Circuit. 
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SENS.CIR © -DIFF-AMF WITH SENSITIVITY ANALYSIS 
Woe i @ 14 

VEE 2 9 -9 
VINI 3 8 AC IM 
Gi 4 3 3 MODI 
RCi 1 4 18k 
REG 2 ALR 

\ 76 9 
G6 7 3 Bobi 
ROZ 1 & gk 
OP 


»SENS V(4) 

«MODEL MOD1 NPN(BF=75) 
<GPTIONS NOPAGE 

END 


Figure 12.87 Input File SENS.CIR. 


age at node 4. If the output variable in the SENS line was 
a current, the sensitivity would be expressed in A/unit and 
A/percent. 

An examination of the output file, Fig. 12.88, reveals 
the results of the sensitivity analysis. As an example of 
what the results mean, let’s look at the effect of RE, the 
emitter resistor on V(4). The sensitivity is 2.189D-03 
V/unit, or 2.189 mV/ohm since RE has units of ohms. This 
means that if RE increases by one ohm, then V(4) will in- 
crease by 2.189 mV. 

Since components frequently have tolerances expressed in 
percent, the RE sensitivity of 9.411D-02 V/percent is a_use- 
ful result as well. If RE increases by 1%, or 43 ohms, then 
V(4) will increase by 94.11 mV. Note that 94.11 mV/2.189 mV 
= 43, 

The sensitivity to VINI and VIN2 is -183.1 and 181.9, 
respectively. These are the inverting and non-inverting 
gains of the differential amplifier. The fact that these 
gain magnitudes are slightly different accounts for the 
small, but non-zero, common-mode gain of a differential am- 
plifier. The reason that the normalized sensitivity, in 
V/percent, is zero is that the DC value of VINI1 and VIN2 are 
both zero. 

Significant insight can be obtained from the sensitivity 
analysis results. The sensitivity of V(4) to RC1 is 200 mil- 
lion times larger than the sensitivity to RC2, since 


9.441D-02/4.644D-10 = 203E6 
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eeeeeeeel 1/72/07 Demo PSpice (May 1986) Here: O2: SL ekeeEEEE 
SENS.CIR © DIFF-AMF WITH SENSITIVITY ANALYSIS 
eet CIRCUIT DESCRIPTION 


JERSE ESO Ea EE 


vec i 9 14 

VEE 2 9 -9 
VINI 3. 8 AC iM 
gi 4 3 5 MODI 
RCL 1 4 19K 

RE 5 2 4.3K 
VIN2 7 @ § 

2 6 7 § Modi 
ie 1 6 19K 


OF 

«SENS V(4) 

«MODEL MGD1 NPN(BF=75) 
ooo NOPAGE 


#eeE BJT MODEL PARAMETERS 


MOD1 
TYPE NPN 
1S {.@8D-14 
BF 75. #88 
NF 1,668 
BR 1,898 
NR 1.999 


Figure 12.88 Output File SENS.OUT. 
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FHKE SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27,808 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 
( 1) 14.0088 ( 2) -9,000e (9) 8806 (4) 4 5593 
{ 3) ~.7727) 0 (6) 455937} » 8808 

VOLTAGE SOURCE CURRENTS 

NAME CURRENT 

VOC ~1, 8880-23 

VEE 1.F130-83 

VINt ~1, 2590-05 

VIN2 ~1,259D-95 


TOTAL POWER DISSIPATION 
OPERATING POINT INFORMATION 


FREE 


4.37D-82 WATTS 


TEMPERATURE = 27,908 DEG C 


#ee* BIPOLAR JUNCTION TRANSISTORS 


CFI 
CMU 
CBX 


cS 
BETAAC 
FT 


al 


MODI 
i. 26E-85 
9, 44E-94 


773 


“4.56 
ort 
dato 


75.8 
3.65E-@2 
2, G5E+8S 
» OOE +09 
i, geEr lz 
» OGE+89 
AOE TEE 
 BGE+Ed 
AoE 


fade 
ue SiE+17 


a2 


HODI 
1. 26E-85 
9, 446-04 
f73 
“4,56 
a.35 
75.8 
3, 45E-82 
2. 05E+83 
8GE+88 
1, @E+i2 
 OGE+ GG 
» BBE+8 
BEE+ GE 
a BGE HG 
fue 
3, BiE+i? 


Figure 12.88 (Continued). 
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EEE 


DC SENSITIVITY ANALYSIS 


DC SENSITIVITIES OF QUTFUT ¥{4) 


ai 


a2 


ELEMENT ELEMENT 
NAME VALUE 
RCi 1, See +4 
RE 4, SE8D+83 
aC? 4. Ha S4 
vce 1, 488D+81 
VEE ~9, WGD+GS 
VINI . B2GD +99 
VINE , 2890+49 
RB a 
RC @ 

RE ie 
EF 7, oOeD+81 

I5E a. 

BR 1, agaD+98 

1st a. 

1§ 1. 8880-14 
NE 1. 5G8D+a¢ 

c 2. SBD +86 
IEF §, 

TER a. 
VAF &, 
VAR a. 
RE a, 
RC a. 
RE a 
EF 7, ooOD+8i 
ISE a. 
BR 1, @890+00 
Tac a. 

5 1. 8680-16 
NE 1, ad+a2 
NC 2, 98aD+a0 
IKF a, 

IKR Z. 

VAF a. 
VAR a, 
JOB CONCLUDED 


TOTAL JOB TIME 


Sample Circuits 








JEMPERATURE = 27.988 DEG C 
ELENENT NORMALIZED 
SENSITIVITY SENSITIVITY 

(VOLTS/UNIT) (VOLTS/PERCENT) 
~9, 4410-84 ~9, 4410-2 
2, 1890-83 FALin-d2 
-4, é440-i2 —4, 6440-19 
1, aeD+a9 i, 4390-21 
1. 1440+86 -i, G30)-81 
~{ B31D+82 ABD 
1. G19D+82 
5, f, 
§. a. 
G, §, 
~§, 250-4 ~4. 1920-4 
a, a. 
1, 8980-12 1.#a@n-14 
a, a, 
~4,7300+14 -4, 7300-82 
8GaD +88 ASD 88 
BOSD +99 A880 88 
8. , 
& a, 
a. a, 
, $. 
g, 8, 
a, a, 
, fi 
a 
4, 9190-21 
Yi, 
4, 7@6D+16 
Beats 89 
BRED » Bi 
a. i 
g. , 
a, , 
§ , 
frets 


Figure 12.88 (Continued). 


Chap. 12 


Chap. 12. Sample Circuits 253 
EXAMPLE 12.6.7, NOISE.CIR 


In Fig. 12.89, the last differential amplifier to appear in 
this chapter, a noise analysis will be done. Noise analysis 
can only be done along with an AC analysis. SPICE must be 
told across which output nodes the noise voltage is assumed 
to appear, and which input independent source (voltage or cur- 
rent) is to be used for the input noise reference. 

The input file, Fig. 12.90, instructs SPICE to perform an 
AC analysis from 1 Hz to 100 MHz with one frequency per de- 


vcc = 10 Vv 





In t 


VEE = -10 Vv 


Figure 12.89 Differential Amplifier 
Circuit. 


NOISE.CIR = DIFFERENTIAL AMPLIFIER WITH NOISE ANALYSIS 
VIN 1 @ AC 1M 

gi 24 3 MODI 

2 4 @ 3 MODI 

+ MODEL Mr 1 NPNIRB=2 RO=.8 RE=.5 KF={E-12) 
WC 5 4 

VEE 4 3 ‘a 

RCL 5 2 18K 

REZ 2 4 1k 

RE 3 & 18k 

«AC DEC 1 1 1@@NEG 

»NOISE Vi2,0) VINI 8 

-OPTIONS. NOPAGE 

»PRINT AC VM(2) 

-PLOT NOISE GNOISE INOISE 

«END 


Figure 12.90 Input File NOISE.CIR. 
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cade, for a total of nine frequencies. The .NOISE control 
line specifies V(2,3) as the assumed output, VIN! as the in- 
put noise reference and that the summary printout of all para- 
meters that contribute to noise (resistors and semiconduc- 
tors) be printed at every eighth frequency. A graph of input 
and output noise versus frequency is requested by the .PLOT 
control line. 

Output file NOISE.OUT, Fig. 12.91, contains a summary 
printout of the noise at 1 Hz and 100 MHz. All output noise 
contributions are the same at both frequencies except for the 
flicker noise of the transistors. The input noise multiplied 
by the voltage gain (transfer function value of 88.41 V/V) 
gives the output noise. 

The last item in the output file is the graph of input 
noise and output noise versus frequency, which shows that the 
flicker noise is significant below 100 KHz. 


eeaeeees ]1/21/O7eee¢et## Demo PSpice (May 1706) seeeeee 2s 00s 1 7eeeeE EEE 
WOISE.CIR DIFFERENTIAL AMPLIFIER WITH NOISE ANALYSIS 
HEE CIRCUIT DESCRIPTION 


SE IAL ARAL EE EAE EEE EEA DA EERE ERE EER EEE EL EE APES REE EE EES REE REDE EE EE EER 





FR 
VFLOT NOISE ONOISE  INOISE 


END 


Figure 12.91 Output File NOISE.OUT. 


Chap. 12. Sample Circuits 255 


ee BJT MODEL PARAMETERS 


MODL 
TYPE NPN 
1S 1.80D-14 
EF 196, 809 
NF 1,898 
BR 1.808 
NR 1.808 
RB 2,988 
RE 88 
RC 808 
KF 1,9@D-12 


HES SMALL SIGNAL BIAS SOLUTION TEMPERATURE = 27,400 DEG C 
NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE NODE VOLTAGE 


{oi} 8008 ( 2) AREF GO) P5424) OSB 
{( 5) 18.9088 8 { 4) -1M aaa 
444 NOISE ANALYSIS TEMPERATURE = 27, 00 DEG C 


FREQUENCY = 1.900D+88 HZ 


e#44 RESTSTOR SQUARED NOISE VOLTAGES (SQ V/HZ) 


RCL RC2 RE 
TOTAL «1. S8BD-14 4. 2880-33 3,9930-17 
Figure 12.91 (Continued). 
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##4% TRANSISTOR SQUARED NOISE VOLTAGES (SQ ¥/HZ2) 


Oi Q2 
RE 2.591D-16 2. 5850-16 
RC 3.8740-36 3.3670-37 
RE 5.479D-17 6.2620-17 
IE 3.859D-17 3, 2280-17 
IC 3.7370-15 3.471D-15 
FN 1. 284D-19 1.087D-18 


TOTAL «© 1, 24D-18 1.987D-18 


4% TOTAL OUTPUT NOISE VOLTAGE = 2.212D-18 SQ V/H2 
1,487D-@5 V/RT HZ 


TRANSFER FUNCTION VALUE: 
V(2,3) /VINI 
EQUIVALENT INPUT NOISE AT VINI 


8, 841D+81 
1,482D-47 V/RT HZ 


RHE NOISE ANALYSIS TEMPERATURE = 27.808 DEG C 


FREQUENCY = 1, 480D+82 HZ 


#e#% RESISTOR SQUARED NDISE VOLTAGES (SQ V/H2Z) 


RCI RC2 RE 
TOTAL «=: 1, 658D-16 4, 2880-23 3.9930-17 


Figure 12.91 (Continued). 
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ee44 TRANSISTOR SQUARED NOISE VOLTAGES (SQ V/HZ) 


at a 
RB «2,591D-16 2.585D-16 
RE S.74D-36 3, 3470-37 
RE 8, AT9D-17 6.2620-17 
IB 3.8590-17 3, 2280-17 
10 3 737D-15 3,4710-15 
FW 1. 2040-18 1, 0870-18 


TOTAL «4, 1MWD-15 3.318D-15 


#444 TOTAL OUTPUT NOISE VOLTAGE = 8,124D-15 59 Y/HZ 
= F.BiSD-88 Y/RT HZ 
TRANSFER FUNCTION VALUE: 
V(2,0 VINE = 3, 841D+8i 
EQUIVALENT INPUT NOISE AT VINI = 1,819D-89 V/RT HZ 


#### AC ANALYSIS TEMPERATURE = 27.808 DEG C 
FREQ vN(2 
1.GMEHIG © 8, 7926-8 
j Fz a 


i, HOE HE 





Qo oo oo oo os et mo Oo oo 


i, “SAGE Fda 


Figure 12.91 (Continued). 
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Hee AC ANALYSIS TEMPERATURE = 27,888 DEG C 
LEGEND: 
#: ONOISE 
+: INGISE 
FREQ ONOISE 
(8) =a 1.0090-28 1.9000-07 10000-9561. 8080-95 1 D-H 
Ce fearon 1.9090-09 1.000D-08 1.900D-27 i.900D-36 1.900D-25 
{.@09D+98 1.487D-25 . : “at .# 
{,99@D+81 4.794D-d6 . ‘ +, * 
1.@agD+d2 1,498D-86 . oct .¥ 
1.090+83 4,798D-27 . +, * , 
1,ggeD+d4 1.7390-87 . + : # 
1. GOOD+ 1.017D-87 .+ * 
1. G9@D+8 9, 154D-88 + x, 
1.900D+97 9.9240-80 + i, 
1. 8G0D+88 9. G150-28 + % 


JOB CONCLUDED 
TOTAL JOB TIME 9.08 


Figure 12.91 (Continued). 


CHAPTER SUMMARY 


A good reference to use when generating SPICE input files is 
a similar input file. 30 example files covering every type 
of analysis were presented in this chapter. Additional 
example files may be found in Chaps. 4, 9, 10 and 11, and in 
Appendix B. 


Organize the input files you generate, along with your notes 
about details of element and control lines. These will be 
good references for future SPICE work you do. 


The example circuits in this chapter, with brief descriptions 
of the SPICE functions they illustrate, follow: 


Chap. 12 Sample Circuits 259 


Input File Name Circuit Type & SPICE Functions Illustrated 


DCMESS.CIR DC circuit .OP 
VANDI.CIR DC circuit .OP 
DC-CKT.CIR DC circuit with VCCS 

DI-VA.CIR Diode V-A characteristic .DC 
FETINV.CIR JFET inverter .DC 
TTLINV.CIR 7404 TTL logic gate .DC 
LOPASS.CIR R-C filter AC 
WEIN.CIR Wein bridge .AC 
LCMATCH.CIR - Many L, C elements AC 
SERIESAC.CIR 2 series resonant ckts. AC 
DUBTUNE.CIR  Double-tuned transformer .AC 
2AC.CIR 2-source problem AC 
2HP.CIR 2 active filter in parallel AC 
ACDIFAMP.CIR - BJT differential amp AC 
TRIANG.CIR PWL triangle, R-C ckt. TRAN 
LC.CIR PWL current pulse into L-C .TRAN 
EKG-LP.CIR PWL electro-cardiogram .TRAN 
PWRSUPLI.CIR 1/2 wave rectifier,ideal di .TRAN 
CMOSNAND.CIR MOSFET nand gate .TRAN 
TTL.CIR BJT 7404 TTL inv. gate .TRAN 
ASTABLE.CIR 2-BJT clock, w/initial cond. -.TRAN,.IC, UIC 
ABSVAL.CIR Prec. rectifier, subcircuits .TRAN 
AM.CIR Non-linear VCVS, ampl. mod. -TRAN 
VARYTEMP.CIR Diode V-A graph, 2 temps. .TEMP, .DC 
DELTAT.CIR BJT diff-amp, transfer func. .TEMP, .TF 
FOURIER.CIR 1/2 wave rect., Fourier anal. .TRAN, .FOUR 
LH0005.CIR Op-amp, open-loop .TF, .OP 
DISTO.CIR BJT diff-amp, distortion .AC, .DISTO 
SENS.CIR BJT diff-amp, sensitivity SENS 


NOISE.CIR BJT diff-amp, noise analysis AC, .NOISE 


ANSWERS TO PROBLEMS 





Chapter 4 


Problem I. 


CHAP4PRI.CIR 3 R’S, 2 BATTERIES 

* SOLUTION TO CHAPTER 4, PROBLEM 1. 
VL 0 5 10 

RL 512 2K 

RM 12 0 3K 

RR 12 38 IK 

VR 38 0 20 

OPTIONS NOPAGE 

.END 


Problem 2. 


CHAP4PR2.CIR PARALLEL RESONANT CIRCUIT, 10 KHZ 
* SOLUTION TO CHAPTER 4, PROBLEM 2. 
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Rl 1 2 1K 
RO 3.004 

VGEN 1 0 AC 1 

L! 23 1M 

Cl 2 0 0.2533U 

.AC LIN 21 5000 15000 
PRINT AC VM(2) VP(2) 
PLOT AC VM(2) VP(2) 
END 


Problem 3. 


CHAP4PR3.CIR R-L CIRCUIT WITH PULSE INPUT 
* SOLUTION TO CHAPTER 4, PROBLEM 3 

VIN1 0 PULSE(0 1 10U IN IN 80U) 

RA 1 2 1000 

LA 20 20E-3 

TRAN 5U 160U 

PRINT TRAN V(2) V(1) 

PLOT TRAN V(2) V(1) 

END 


Problem 4. 


CHAP4PR4.CIR) TWO-SOURCE DC BRIDGE 
* SOLUTION TO CHAPTER 4, PROBLEM 4. 
Vl 14:0 5 

R1 14 16 10 

R2 16 0 40 

R3 14 18 20 

R4 18 12 50 

R5 16 18 30 

V2 12 07 

OPTIONS NOPAGE 

-END 
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Chapter 6 
Problem 1. 

a. 


BRIDGE.CIR DC BRIDGE CIRCUIT 
* SOLUTION TO CHAPTER 6, PROBLEM 1. 
V 10 0 20 

RA 10 12 6K 

RB 12 14 2K 

RC 12 16 5K 

RD 14 16 4K 

RE 14 0 3K 

RF 16 0 1K 

.OP 

OPTIONS NOPAGE 

.END 


c. V(14) - V(16) = 3.0343 V - 1.3377 V = 1.6966 V. 


Problem 2. 
a,c. 


OH-MY.CIR DC CIRCUIT WITH A LOT HAPPENING 
* SOLUTION TO CHAPTER 6, PROBLEM 2. 

VL 10 10 

Ri 12 
I 02 
R2 2 3 
VSENSE 
R425 
E 40 
R3 4 5 
VR5 0 
SENS I(VSENSE) 
OP 

OPTIONS NOPAGE 
END 


WWNUNpN = 


b. IVSENSE) = 4 A, from node 4 to node 3. 
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Problem 3. 
a. 


PRE-EMPH.CIR A PRE-EMPHASIS CIRCUIT FOR FM 
* SOLUTION TO CHAPTER 6, PROBLEM 3. 

VIN! 0 AC 1 

RA 1 2 47K 

CA 1 2 1.6E-9 

RB 2 0 5K 

AC DEC 10 200 200K 

PLOT AC VM(2) (0.1,1) 

OPTIONS NOPAGE 

END 


Problem 4. 

a. 
NOTCH.CIR ACTIVE NOTCH FILTER, AC ANALYSIS 
* SOLUTION TO CHAPTER 6, PROBLEM 4A. 


VIN1I 0 AC 1 
* ACTIVE HIGH-PASS FILTER FOLLOWS 


Cl 1 2 I1E-7 
C2 2 3 1E-7 
R1 3 0 2K 
R2 2 5 2K 
R3 5 4 818 
R4 4 0 2K 


* FIRST OP-AMP MODEL FOLLOWS 
RIN] 3 4 1MEG 

El! 5 03 4 1E5 

* ACTIVE LOW-PASS FILTER FOLLOWS 


R5 5 6 2K 
R6 6 7 2K 
R7 9 8 818 
R8 8 0 2K 
C3 9 6 0.1U 
C4 7 0 0.1U 


* SECOND OP-AMP MODEL FOLLOWS 
RIN2 7 8 IMEG 
E2 9 0 7 8 IES 
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* TRUE DIFFERENTIAL AMPLIFIER FOLLOWS 
R9 1 10 2K 

R1010 0 2K 

Ril 9. 11 3K 

R1211 12 2K 

* THIRD OP-AMP MODEL FOLLOWS 
RIN3 10 11 1MEG 

E3 12 0 10 11 JES 

AC DEC 15 100 10K 

PLOT AC VDB(12) 

OPTIONS NOPAGE 

END 


Problem 4. 
b. Notch depth, or gain at 800 Hz., = -13.31 dB. 


NOTCH2.CIR ACTIVE NOTCH FILTER, AC ANALYSIS, NARROW BAND 
* SOLUTION TO CHAPTER 6, PROBLEM 4B. 

VIN!I 0 AC 1 

* ACTIVE HIGH-PASS FILTER FOLLOWS 


Cl 1 2 I1E-7 

C2 3 1E-7 

Ri 3 0 2K 

R2 2 5 2K 

R3 5 4 818 

R4 4 0 2K 

* FIRST OP-AMP MODEL FOLLOWS 


RINI 3 4 IMEG 

El 5 0 3 4 JES 

* ACTIVE LOW-PASS FILTER FOLLOWS R55 6 2K 
R6 6 7 2K 

R7 9 8 818 

R8 8 0 2K 

C3 9 6 0.1U 

C4 7 0 0.1U 

* SECOND OP-AMP MODEL FOLLOWS 

RIN2 7 8 IMEG 

E29 07 8 1E5 

* TRUE DIFFERENTIAL AMPLIFIER FOLLOWS 
RO 1 10 2K 

R1010 0 2K 

R119 11 2K 

R1211 12 2K 
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* THIRD OP-AMP MODEL FOLLOWS 
RIN3 10 11 1MEG 

E3 12 0 10 11 1ES5 

AC LIN 31 500 1100 

PLOT AC VDB(12) 

OPTIONS NOPAGE 

END 


Problem 5. 
a. 


MANY-C.CCIR 7 CAPS, TO DETERMINE EFFECTIVE CAPACITANCE 
* SOLUTION TO CHAPTER 6, PROBLEM 5A. 


Cl 1 3 2U 
C2 1 2 3U 
C3 2 3 1U 
C4 2 4 1.5U 
C5 3 4 2.5U 
C6 3 0 3.5U 
C7 4 0 0.5U 
L 101 IMH 
V 10 0 AC 


* DUMMY RESISTORS ARE NEEDED TO GIVE DC PATHS TO GROUND 
R3 3 0 1G 

R4 40 1G 

R2 2 0 1G 

AC DEC 5 1 IMEG 

PLOT AC VM(1) VP()) 

OPTIONS NOPAGE 

END 


b. 
MANY-C3.CIR 7 CAPS, TO DETERMINE EFFECTIVE CAPACITANCE 


* SOLUTION TO CHAPTER 6, PROBLEM 5B. 
* NARROWER FREQUENCY RANGE 


Cl 1 3 2U 
C2 1 2 3U 
C3 2 3 1U 
C4 2 4 15U 
C5 3 4 2.5U 
C6 3 0 3.5U 
C7 4 0 0.5U 
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L 10 1 1IMH 

Vv 10 0 AC 

* — DUMMY RESISTORS ARE NEEDED TO GIVE DC PATHS TO GROUND 
R3 3 0 1G 

R4 40 1G 

R2 20 1G 

AC LIN 26 3.7K 3.8K 

PLOT AC VM(1) VP(1) 

OPTIONS NOPAGE 

END 


Problem 6. 


a. 


HP-RING.CIR HIGH-PASS ACTIVE FILTER, UNDER-DAMPED, RINGS 
* SOLUTION TO CHAPTER 6, PROBLEM 6. 


VINI 0 PULSE(O 1 0.5M 1U 1U_ 0.4M) 
Cl 1 2 8N 

C2; 2 3. 8N 

RI] 5 2 2K 

R2 3 0 2K 

R3 4 0 2K 

R4 5 4 3.96K 

* OP-AMP MODEL FOLLOWS 

RIN3 4 1E6 


E 5 03 4 5E4 
TRAN 0.1IM 5M 
PLOT TRAN V(5) V(1) 
OPTIONS NOPAGE 
END 


Problem 7. 
a. 


SQ-WAVE.CIR FOURIER ANALYSIS OF A 1 KHZ SQUAREWAVE 
* SOLUTION TO CHAPTER 6, PROBLEM 7. 

V1 0 PULSE(-1 1 0 IN IN 0.5M 1M) 

R 101 

TRAN 0.01IM 2M 

FOUR 1K V(1) 

OPTIONS NOPAGE 

END 


Appendix A 


OTHER CONTROL LINES 





A.1 INTRODUCTION 


Four control lines were not covered previously in this book, 
since they are the kinds of control lines you can _ generally 
do without until you start doing some serious and advanced 
SPICE analysis. The control lines are: .WIDTH, .OPTIONS, 
.NODESET and .IC. Browse through this appendix, noting par- 
ticularly the many choices that can be specified using the 
OPTIONS control line. Try those that you wish to know more 
about, and compare the output files of the analysis with and 
without the options specified. 


A.2) .WIDTH CONTROL LINE 
The general form for the .WIDTH control line is 
-WIDTH IN = COLNUMIN OUT = COLNUMOUT 
where COLNUMIN is the last column of the input file that 


SPICE will read. This specification takes effect on the next 
input file line after WIDTH IN = COLNUMIN; therefore it is 
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best to place it just after the title which is the first line 
in the input file. 

COLNUMOUT is the width of the output file; allowable val- 
ues are 80 and 133. On some mainframe versions of SPICE 2G 
the default value of COLNUMOUT is 133. When the output file 
is typed on a terminal CRT, lines wider than 80 columns will 
wrap around, making the output file hard to interpret. Thus 
it is a good idea to put a control line .WIDTH OUT = 80 in 
an input file which is run on a mainframe computer. One ex- 
ception to this is when you desire the maximum resolution pos- 
sible on a graph generated by a .PLOT line, and will print 
that graph on a line printer 133 columns wide. An output 
file with a width of 133 will have a smoother plot with less 
quantization error in the graph. 


EXAMPLE: 


.WIDTH OUT = 80 
The output file will have a width of 80 columns. Note 
that it is not necessary to specify an input width as well. 


A.3. .OPTIONS CONTROL LINE 


The general form for the .OPTIONS control line is 
OPTIONS OPT1 OPT2 ... (or OPT =OPTVAL ...) 


There are 32 options which may be specified; normally only a 
few are used in any particular input file. Options can be 
listed in any order. Many SPICE users will have little need 
to modify the default option values. For more information on 
these options, refer to the publications in Appendix E.1. In 
the listing below, "x" stands for a positive number. The 
options and their effects are: 





Option Effect 

ACCT causes accounting and run time statistics to 
be printed. 

LIST causes the summary listing of the input data 
to be printed. 

NOMOD suppresses the printout of the model parame- 


ters. 
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Option 


NOPAGE 
NODE 
OPTS 
GMIN=x 


RELTOL=x 


ABSTOL=x 


VNTOL=x 


TRTOL=x 


CHGTOL=x 


PIVTOL=x 


PIVREL=x 


NUMDGT=x 


TNOM=x 


Effect 





suppresses page ejects. 

causes the printing of the node table. 

causes the option values to be printed. 

resets the value of GMIN, the minimum conduc- 
tance allowed by the program. The default 
value is 1.0E-12. 

resets the relative error tolerance of the 
program. The default value is 0.001 (0.1 


percent). 
resets the absolute current error tolerance 
of the program. The default value is 1 
picoamp. 
resets the absolute voltage error tolerance 
of the program. The default value is 1 
microvolt. 
resets the transient error tolerance. The 


default value is 7.0. This parameter is an 
estimate of the factor by which SPICE over- 
estimates the actual truncation error. 

resets the charge tolerance of the program. 
The default value is 1.0E-14. 

resets the absolute minimum value for a ma- 
trix entry to be accepted as a _ pivot. The 
default value is 1.0E-13. 

resets the relative ratio between the lar- 
gest column entry and an acceptable pivot 
value. The default value is 1.0E-3. In the 
numerical pivoting algorithm the allowed min- 
imum pivot value is determined by: EPSREL = 
AMAXI(PIVREL*MAXVAL,PIVTOL) where MAXVAL 
is the maximum element in the column where a 
pivot is sought (partial pivoting). 

resets the number of significant digits 
printed for output variable values. X must 
satisfy the relation 0 < x < 8 The default 
value is 4. Note: this option is indepen- 
dent of the error tolerance used by SPICE 
(i.e., if the values of options RELTOL, 
ABSTOL, etc., are not changed then one may 
be printing numerical noise for NUMDGT > 4. 
resets the nominal temperature. The default 
value is 27 deg C (300 deg K). 
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Option 
ITL1=x 
ITL2=x 
ITL3=x 
ITL4=x 


ITL5=x 


CPTIME=x 


LIMTIM=x 


LIMPTS=x 


LVLCOD=x 


LVLTIM=x 


METHOD =name 


MAXORD=x 


DEFL=x 


DEFW=x 


Other Control Lines App. A: 


Effect 


resets the dc iteration limit. The default 
is 100. 

resets the dc transfer curve iteration lim- 
it. The default is 50. 

resets the lower transient analysis iter- 
ation limit. The default value is 4. 

resets the transient analysis timepoint iter- 
ation limit. The default is 10. 

resets the transient analysis total itera- 
tion limit. The default is 5000. Set ITLS 
= 0 to omit this test. 

the maximum cpu-time in seconds allowed for 
this job. 

resets the amount of cpu time reserved by 
SPICE for generating plots should a cpu time- 
limit cause job termination. The default 
value is 2 (seconds). 

resets the total number of points that can 
be printed or plotted in a dc, ac, or trans- 
ient analysis. The default value is 201. 

if x is 2 (two), then machine code for the 
matrix solution will be generated. Other- 
wise, no machine code is generated. The de- 
fault value is 2. Applies only to CDC compu- 
ters. 

if x is 1 (one), the iteration timestep con- 
trol is used. If x is 2 (two), the trunca- 
tion-error timestep is used. The default 
value is 2. If method=Gear and MAXORD>2 
then LVLTIM is set to 2 by SPICE. 

sets the numerical integration method used 
by SPICE. Possible names are Gear or trape- 
zoidal. The default is trapezoidal. 

sets the maximum order for the integration 
method if Gear’s variable-order method is 
used. x must be between 2 and 6. The de- 
fault value is 2. 

resets the value for MOS channel length; the 
default is 100.0 micrometer. 

resets the value for MOS channel width; the 
default is 100.0 micrometer. 
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Option Effect 

DEFAD=x resets the value for MOS drain diffusion 
area; the default is 0.0. 

DEFAS=x resets the value for MOS source diffusion 


area; the default is 0.0. 


EXAMPLE: 


OPTIONS NOPAGE NODE LIMPTS = 501 

This control line will shorten the output file by sup- 
pressing page ejects, will print a node table, and will in- 
crease from 201 (the default value) to 501 the maximum number 
of points that can be plotted or printed in an AC, DC or tran- 
sient analysis. 


EXAMPLE: 


OPTIONS TNOM=0 ACCT RELTOL =.01 

This control line changes the nominal temperature to 0 
degrees C, causes the accounting and run-time statistics to 
be printed and resets the relative error tolerance of the pro- 
gram from .001 (the default value) to .01 (1 percent). 


A.4. .NODESET CONTROL LINE 


The general form for the .NODESET control line is 
-NODESET V(NODENUMI) = VALI V(NODENUM2) = VAL2 ... 


where NODENUM is a positive integer representing a node other 
than node 0, and VAL is the voltage at that node. SPICE will 
do the initial attempt to find a DC or transient bias point 
solution with the nodes specified held to the values shown. 
It is not necessary to specify the voltages at all nodes. 
Subsequentiy this restriction is released and SPICE continues 
to the correct solution. 

The .NODESET line may be of use in bi-stable or astable 
circuits, where the program user can make an educated guess 
as to certain node voltages. 
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EXAMPLE: 
-NODESET V(12)=-5 V(8) = 12 


The voltage at node 12 is set to -5 V, and the node 8 
voltage is set to 12 V for the initial bias point solution. 


A.5 .IC CONTROL LINE 
The general form for the .IC control line is 
IC V(NODENUM1) = VALI V(NODENUM2) = VAL2 


where NODENUM is a positive integer representing a node other 
than node 0, and VAL is the voltage at that node. This line 


is used to set transient initial conditions. It has two dif- 
ferent interpretations, depending on whether the UIC _ para- 
meter is specified on the .TRAN control line. Also, one 


should not confuse this line with the .NODESET line (see A.4 
above). The .NODESET line is only to help DC convergence, 
and does not affect final bias solution (except for multi- 
stable circuits). The two interpretations of this line are 
as follows: 


1. When the UIC parameter is specified on the .TRAN line, 
then the node voltages specified on the .IC line are used 
to compute the capacitor, diode, BJT, JFET and MOSFET ini- 
tial conditions. This is equivalent to specifying the IC 
Se parameter on each device element line, but is 
much more convenient. The IC =... parameter can 
still be specified and will take precedence over the .IC 
values. Since no DC bias (initial transient) solution is 
computed before the transient analysis, one should take 
care to specify all DC source voltages on the IC line if 
they are to be used to compute device initial conditions. 


2. When the UIC parameter is not specified on the .TRAN 
line, the DC bias (initial transient) solution will be 
computed before the transient analysis. In this case, 
the node voltages specified on the .IC line will be 
forced to the desired initial values during the bias 
solution. During transient analysis, the constraint on 
these node voltages is removed. 
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EXAMPLE: 


AIC V(12)=-5 V(8) = 12 

The voltage at node 12 is set to -5 V, and the node 8 
voltage is set to 12 WV for the final bias point solution if 
the UIC parameter is not specified on the .TRAN control line. 
If the UIC parameter is specified, then the voltages for 
nodes 12 and 8 are used to compute the capacitor, diode, BJT, 
JFET and MOSFET initial conditions. 


Appendix B 


TRANSFORMERS 
AND SWITCHES 





B.1 ADVANCED HANDY HINTS 


If you have gotten to this point in the book, your appetite 
for shortcuts, hints and neat ways of doing things with SPICE 
no doubt is whetted. In this appendix we will cover how to 
make an ideal transformer, how to make a lossless transformer 
using SPICE inductors, making switches which are _ voltage- 
controlled or current-controlled, and lastly how to make a 
switched three-phase power source. (Switches are included in 
SPICE version 3, but not in version 2.) 

No doubt as you use SPICE more and more, you will encoun- 
ter a circuit component which you would like to include in a 
SPICE analysis but which is not known to SPICE. Examples of 
such a device might be a mechanical relay, a varistor or a 
unijunction transistor. By spending some time looking into 
how devices are modeled, and learning how to use to their 
fullest capabilities those devices which SPICE does recog- 
nize, you will be able to create excellent approximations for 
most devices. 
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B.2 IDEAL TRANSFORMER, NO INDUCTORS 


The ideal transformer is a fictitious device which divides 
voltage by a constant called turns ratio, multiplies current 
by the same ratio and changes impedance connected to it by 
the square of the turns ratio. Turns ratio is the number of 
primary turns divided by the number of secondary turns. Real 
transformers are magnetic machines with inductance, ohmic 
loss resistance and sometimes substantial losses in the magne- 
tic core. An ideal transformer can be a useful circuit ele- 
ment to use when the inductance and losses of a real trans- 
former can be neglected. 

Figure B.1 shows the schematic symbol for an ideal trans- 
former, and the SPICE schematic for its model. It uses two 
controlled sources. The first is a voltage-controlled volt- 
age source (VCVS), EPRI-SEC, which makes the secondary volt- 
age equal to the product of the primary voltage and 1/(turns 
ratio). The second is a current-controlled current source 
(CCCS), FSEC-PRI, which makes the primary current equal to 
the secondary current multiplied by 1/(turns ratio). 

In order to control FSEC-PRI a way of sensing the current 
flow in the secondary is needed. That is done by V-ISEC, a 
dead voltage source acting as an ammeter, which measures the 
current flowing up through EPRI-SEC. 

N is the "gain" of the controlled sources, determined by 
the number of secondary winding turns divided by the number 
of primary winding turns 


N = # secondary turns/(# primary turns) = 1/(turns ratio) 






FSEC-PAI EPAI-SEC 


[ss] [3] : [:3] 


Figure B.1 Ideal Transformer and SPICE 
Model. 
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The element lines below describe the ideal transformer model 
with N having a value of 2. In other words, the transformer 
is a 2:1 step-up transformer if the primary winding connec- 
tions are nodes 10 and 11. 


EPRI-SEC 20 13 10 211 2 
FSEC-PRI 10 11  #V-ISEC 2 
V-ISEC 20 12 «O 


One word of caution: this SPICE circuit for an ideal trans- 
former is a model based on behavior, not physics. It will 
work with DC sources as well as it will with AC _ sources. 
Real transformers do only one thing with DC sources; smoke 
and burn up. 


B.3 IDEAL TRANSFORMER, WITH INDUCTORS 


Another way to model a lossless transformer is to use two in- 
ductors which have a coefficient of coupling of 1.0. If the 
inductance of either the primary (LPRI) or the secondary 
(LSEC) is known, the inductance of the other winding can be 
determined using the number of primary and secondary turns, 
as follows 


N = # secondary turns/(# primary turns) 

LSEC = LPRI * N2, or LPRI = LSEC/(N7) 
The transformer and the SPICE model, assuming an N of 5 and 
primary inductance of 500 mH, is shown in Fig. B.2. 


The secondary inductance can be calculated by 


LSEC = 50 mH * 5% = (5E-2)25 = 1.25 H 


e e e e 
LPRI LSEC LPAI LSEC 
50mH 50OmH 4.25 H 


Figure B.2 Transformer and SPICE Model. 
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The element lines of this transformer model for use in a 
SPICE input file would be 


LPRI 30 40 5S0E-3 
LSEC 50. «660s 1.25 
KPRI-SEC LPRI LSEC 1.00 


Notice that the first node for each inductor is the node 
which is connected to the dotted end in the schematic, Fig. 
B.2. This ensures the proper polarity of induced voltage in 
the secondary. Unlike the ideal transformer without induc- 
tance in B.2, this model with inductance will not work with 
DC. With DC current flowing through the primary, there is no 
changing magnetic flux in the core of the transformer, so 
there is no induced voltage in the secondary. 


B.4 MODEL FOR A SWITCH 


SPICE version 2 lacks a switch model. A switch turned on at 
some time after time zero can be used to simulate many 
things, including the abrupt changing of a load on a circuit 
such as a power supply or amplifier. Fortunately, making a 
switch turn on (or off) is relatively simple using a polynomi- 
al voltage- or current-controlled current source. See 
Appendix C for information on polynomial controlled sources. 

In this section a VCCS will be explained in detail. The 
switch can have any value of resistance in the off condition 
(except 0) and any value of resistance in the on condition 
(except 0). 

The trick which allows the switch to be modeled is that a 
voltage-controlled current source can be made, through which 
the current is the mathematical product of two voltages: 


The first is a step from 0 V to 1 V, for a switch closing 
(turning on), or from 1 V to OV for a switch opening 
(turning off). This can easily be accomplished with an 
independent PULSE source or a PWL source. 


The second is the voltage across the VCCS itself. By 
assigning a transconductance of a large value, perhaps 
1E6 siemens, the "on" resistance of the switch will be 
1E-6 ohms. 
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In other words, when the first voltage is 0 V, the current is 
0 A. This means infinite resistance in the open condition. 
When the first voltage is 1 V, the current through the switch 
is the product of 1, the voltage across the switch, and the 
very large transconductance value. The VCCS behaves like a 
resistor of a tiny value, which can be specified in the VCCS 
element line. 

In order to illustrate how to put a switch into a cir- 
cuit, let’s model the switch in Fig. B.3. The switch will 
close at t=l s, and open at t=2 s. A little mesh analysis or 
nodal analysis or use of the superposition theorem would re- 
veal that when the switch is open, the voltage at node 3 is 1 
V. With the switch closed, the voltage at node 3 is 2 V. 

Figure B.4 shows the switch replaced with a polynomial 
VCCS called GSWITCH, along with an independent PULSE voltage 
source (VPULSE) which will "operate" the switch. Since SPICE 
is fussy about nodes with only one element connected, a dummy 
resistor (one ohm) called RPULSE is connected across VPULSE. 

The input file for this example, Fig. B.5, defines the 
pulse as starting at 0 V, pulse value 1 V, delayed in time by 
1 s, with rise and fall times of 1 ms and pulse width of 1 s. 
The VCCS GSWITCH is connected between nodes | and 2, and is 
controlled by the voltage V(100,0) (the pulse) and the volt- 
age V(1,2) (the nodes to which it is connected). The p4 co- 
efficient in the GSWITCH element line is specified as I1E6 
siemens, a very large transconductance, the inverse of which 
is the very small "on" resistance. 

In order to test this circuit, a transient analysis is 
performed for 2.5 seconds. The output file, Fig. B.6, shows 
a graph of the pulse voltage and the voltage at node 3. The 
voltage at node 3 does indeed jump up from 1 V to 2 V during 
the time that the pulse is 1 V (the time that the switch is 
“closed"). 





Figure B.3. DC Circuit with Switch. 
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RPULSE 
VPULSE 4 


Figure B.4 DC Circuit with VCCS Replacing 
Switch and a Pulse Voltage Source to 
Operate Switch. 


If the resistance of the switch in the "off" state is to 
be less than infinity, a single resistor whose value is equal 
to the off resistance can be placed in parallel with the VCCS 
acting as the switch. 


B.5 SWITCHED THREE-PHASE POWER 


For certain simulations involving three-phase power sources, 
it may be desirable to connect the power source to a _ three- 
phase load at any arbitrary time in the 360 degree input cy- 
cle. Load application might occur when phase A is at 0 deg, 
90 deg or 270 deg (the three phases will be called A, B and 
SWITCH.CIR USE OF YOCS TO MAKE A SWITCH 
VPULSE 199 @ PULSE(@ i 1 1M 1M 1} 
RPULSE ig@ @ { 
1g 
ze 


7 

= 

“ 

Lo] 

and 
ee ed eS 
ky be Od oy 


fa Cn 


VR 
SSWITCH 1 2 POLY(2) 1099 12 8999 1E6 
»TRAN 40 2.5 

»FLOT TRAN V(3) (8,5)  V(i9@) {-1,1) 

: a NOPAGE 


Figure B.5 Input File SWITCH.CIR. 
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C). In this section the generation of three sinusoidal volt- 
ages separated by 120 deg of phase and the simultaneous 
switching of all three voltages to a load at an arbitrary 
point in the cycle will be illustrated. 

The obvious way to generate a sinusoid is to use the inde- 
pendent voltage source SIN function, which was introduced in 
Chap. 3.5.1.2. The SIN function allows for any offset volt- 
age, amplitude, frequency, delay time or damping factor to be 
specified. It does not, however, allow for a value of ini- 
tial phase angle. Thus, whenever a sinusoidal voltage be- 
gins, it starts at 0 V and O deg (a zero-crossing with 
positive slope). 

In order to achieve a phase shift of 120 deg between 
phases A, B and C it is necessary to stagger their starting 
times by using the delay time parameter for each. Since a 60 
Hz sinusoid has a period of 16.66 ms, a 120 deg phase shift 
amounts to a 5.555 ms time delay; 11.11 ms of time delay will 
produce a phase shift of 240 deg. 120 V, 60 Hz power would 
have a peak value of 120(1.414) or 169.7 Vp. Three-phase 
power could be generated by the following element lines 


VA 1 0 SIN(O 169.7 60 0) 
VB 2 0 SIN(O 169.7 60 5.555M) 
VC 3 0 SIN(O 169.7 60 11.111M) 
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Figure B.6 Output File SWITCH.OUT. 
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Figure B.6 (Continued). 
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However, this is not three-phase power until 11.111 ms, since 
each phase starts at a different time. The way to overcome 
this problem is to switch all three phases on at any time 
after 11.111 ms. Figure B.7 is a schematic of the circuit 
that will produce switched three-phase power. Notice the 
independent voltage source VSW with its grounding resistor 
RSW connected to node 100; it will determine the time at 
which all three VCCS switches (GA, GB and GC) close. 

The input file is shown in Fig. B.8. The VSW element 
line describes a pulse that goes from 0 V to 1 V at 16 ms. 
Each of the three switches, GA, GB and GC, is controlled by 
the voltage at node 100 as well as the voltage across itself. 
The "on" resistance is the inverse of the transconductance in 
the VCVS element line, or 1E-6 ohm. 

Although the transient analysis will always start at time 
zero, the graph of load voltages would be zero until 16 ms. 
For this reason the optional TSTART parameter of 14.16666 ms 
was included in the .TRAN control line. Results of the tran- 
sient analysis will be printed and/or plotted beginning at 
time TSTART. 

The graphs in the output file, Fig. B.9, show the phase- 
to-ground and phase-to-phase voltages resulting from the tran- 





Figure B.7 Three-Phase Power Generator. 
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2-PHASE.CIR GENERATING SWITCHED 3-PHASE POWER 


* VCCS ARE USED TO SWITCH ALL THREE PHASES ON AT THE SAME TIME 
% 
+ THE THREE FREE-RUNNING FHASES ARE CREATED BELOW 
* 
VA 1 @ SING 149.7 48 4) 
VB 2 9 SIN 169.7 68 5.55555M) 
VC 3 @ SINC 169.7 6@ 11.41111M) 
RA 1 6 1 
RE 26 t 
RC 3 8 1 
+ 
% THE SWITCH CONTROL VOLTAGE FOR ALL 3 PHASES FOLLOWS 
% 
VW 199 @ PULSE(® 1 14M iN) 
RoW igg 2 
% 
# THREE VCCS SWITCHES FOLLOW 
* 
6A 1 ii POLY(2) 19099 1 if @99 4 166 
6B 2 12 POLY(2) 1@@@ 2 12 9999 1E6 
3.13 9999 166 


BC 3 : re 198 9 


Gi 
«TRAN @,B3333M SOM 14, 16666 
sFLOT TRAN Vidi) V(12) V(12) 
“PLOT TRAN V(i1,12) VUL2,13) V13, 11) 
: ed NOPAGE 


Figure B.8 Input File 3-PHASE.CIR. 


Sient analysis. The first graph shows phase A (asterisks) at 
zero deg, phase B (plus signs) at -120 deg, and phase C 
(equal signs) at -240 (or +120) deg. The second graph (the 
phase-to-phase voltages) reveals that there is still a 120 
deg shift between V(AB), V(BC) and V(CA). The peak voltage 
is also higher in the phase-to-phase voltage graph, as would 
be expected because 


V(phase-phase) = V(phase-ground) * (3)? 


In this example, three voltages were switched just before 
phase A reached 0 deg. If the switching were to be when 
phase A was at 90 deg, the pulse VSW would go from 0 V to 1 V 
at 16.6666 ms plus one-quarter cycle (16.6666 ms/4 = 4.1666 
ms), or 20.8333 ms. 
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J-PHASE.CIR GENERATING SWITCHED 2-PHASE POWER 


HERE CIRCUIT DESCRIPTION 
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VOCS ARE USED TO SWITCH ALL THREE PHASES ON AT THE SANE TINE 





BELOH 


VA i 8 SING 169.7 69 §) 

VE 2 8 SING 169.7 48 3.355558) 
YC 2G GING 169.7 66 TL. iLLLIM) 
Re { # i 

RE 2 @ | 

RC 28 1 


* THE SWITCH CONTROL VOLTAGE FOR ALL 3 PHASES FOLLOWS 


VSH 1830 PULSE(@ =i 16M IN) 
Row 1@# Got 


THREE VOCS SWITCHES FOLLOW 








1 oil POLY(2) ide @ 1 

2 iP POLY{2) lee 2 

3 iS POLYi2) ig @ 2 

i i 

L i 

i j 

i. t 

a, sg332 SaM 14, 166468 

TRAN Vill Vids VOL 

TRAN ¥{ {, 12) Vil2, 33) Vii, LL) 


VOPTIONS: NOPABE 


HERE INITIAL TRANSIENT SOLUTION TEMPERATURE = 27,808 DEG C 
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Figure B.9 Output File 3-PHASE.OUT. 
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EERE TRANSIENT ANALYSIS 

LEGEND: 

# VD) 

+; Viz) 

=; V¥(13) 

TIME V(ii) 

(¥42)---------- -2, D2 «= - 1, EGD+E2 
LAl7D-€2  .GGaD+as 
Lo@eD-G2  GaaDHad 
L.562D-82 — GG0D+80 
1,467D-82 -2. 6310-04 . + 
aes 5.286081. + 
1.O330-82 7.898D+31 . + 
L.G17D-@2 i. 36iDe#2 . + 
2.800D-82 1. 602D+02 . +, 
2,083D-82 1, A90D+82 . » k 
2.167D-82 1, 612D+82 =, 
2.208D-G2 1, 2O5D+82 = 
2.5350D-82 7, 894D+G1 = 
2AL7D-82 3. 196D+81 = 
2.0@9D-82 -4.131D-€2 . = . 
2.5000-82 -5, 2240+! . =. 
2,467D-42 5, F7OD+81 # 
2. 7@D-82 -1, 3650482 . e, 
2.933D-82 ~i.691D82 , # ' 
2. 9170-82 -1, 6820182. # ‘ 
3. 908D-G2 -L,o01D+82 .  # : 
3.@83D-82 ~1.360D+82 . eo. 
5, 1670-92 “7700+. # 


-S. 225081 . +, 
~5,810D-82 . + 

2 S195D+i . t+ 

F,O73D+L . + 


2.c83D-@2 1, 3650482 . + 
3.467D-@2 L.bi2Ded2 . + , 
3.700D-82 1. O90DHi2 . »X 
3.833D-92 1. 6820402 . =, 
. S17D-@2 1. OD? . = 


4,000D-02 9.887D+81 . = 
4,9930-@2 3.207081. = 
4. i67D-d2 -1.9710-82 . = : 
4, 250D-82 -5.2220+81 . =. 
4,.355D-92 -9. 979081. # 
4. At7D-G2 -i, 360D+82 . * , 
4, SG8D-22 -1.o00D+#2 .  # 
4, 305D-d2 -1,4860+02 . 
4,667D-82 -1. 6090492 . 0 # 


4, 70GD-H2 -1.369D+82 . Hot 
4,B32D-@2 -9.913a1 . x 
4170-82 -L 2a. +, 
5.808D-€2 -9, 4960-83 . + 
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Figure B.9 (Continued). 


exe TRANSIENT ANALYSIS TEMPERATURE = 27.908 DEG C 
LEGEND: 
# VL, 12) 
ep ¥(12, 13) 
=: V3, 11) 
TIME V(11, 12) 








[Hts }------ nn A, G0gDg? =~? FOGD+2 BOD =P AESDEP 4, BDA? 
1, 4170-82 OOO ‘ x , ‘ 
BREESE , : ¥ ; 7 
OGEDIE ; x : : 
L.469R+d? . + Z ‘ os : 
2, 178D+82 . +, . = it : 
2.0820+82 . +, =, - * ; 
2 2.897D+82 . ~t = 4 . + ; 
2.953D+82 . = + : ; & ; 
ZSSnDt? , =, + . # : 
1.965D+82 . = . ‘ + t : 
1.190D+82 . = i F e+, ‘: 
238 RGDtGl . =, J * wt i 
2 tDDS 9 -6, Giedt+8l . =, ' , . + ‘ 
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2, 583D-82 -2,175D+82 . %, = , i + : 
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2. 8330-82 ~2.852 D+82 . ¥ ; i + = ‘ 
2, 9170-82 -2, 5220482 . , + . = ‘ 
2, G00D-82 -L. 958082 . # + i : = ‘ 
3. 803D-82 -1.188D+82 . 1+ + ; ' = ‘ 
3.167D-@2 -3.871D+8i . +, #, . oF ‘ 
3.200D-82 G.4730+8i . ee oy o€ = ; 
Zooab-@2 1.4570+82 . + ; , ne : 
ZeAi7D-#2 2. 1b4D+82 . + . = ; 
3.588D-82 2, 6430+82 . +, =, a, ‘ 
2.5GSD-82 2. 986Rt82 . ~t = - ‘ # ; 
3 b67D-€2 2,87 1D+82 . = + . ‘ * ; 
3. 7580-82 «2. 5360482 . =, + . + 
3, 8330-92 1.95304? ‘ = : ; + + ‘ 
3.917D-82 i,185D+82 . = . ; kot, ‘ 
4. @3GD-02 38420401. =, .* + i 
4,@92D-@2 -6.@61Dt#i . =, ey : + ; 
ee -1,4A7D+82 . au uk j ; + : 
4,250D-G2 -2. 176082 . %, =, : + : 
4, 3330-22 -3. bod? : ' , .= ent ‘ 
4,.4170-@2 -P.B97D+82 . # : = +, ; 
4. 5080-92 -7,B5D+E? * ; . + = ‘ 
,J83D-02 -2,528D+82 . ee + . 5 , 
4, 667) G2 -1.94tReG2 . # + F . = ‘ 
2 ~L.193D+82 . + € , ‘ = 3 
te ~T.Ga2D+8i . +, #, . oF 
4 9170-92 &.@52D+81 . +, . # = 
5. 4000-G2 i.469D+8? . + : . Xk, 


JOB CONCLUDED 
TOTAL JOB TIME ag. 1g 


Figure B.9 (Continued). 
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Appendix C 


NONLINEAR (POLYNOMIAL) 
DEPENDENT SOURCES 





C.1 NONLINEAR DEPENDENT SOURCES 


In Chap. 5 the topic of linear dependent sources was covered. 
SPICE also supports nonlinear dependent sources, which have 
great utility for modeling nonlinear resistors, multipliers 
(including amplitude modulation generators) and _ voltage- 
controlled and current-controlled switches, to name a few. 
The usefulness of nonlinear dependent sources is limited by 
one’s imagination (and patience with mastering the topic). 

SPICE recognizes the same four types of dependent sources 
as mentioned in Chap. 5: 


voltage-controlled current source, or VCCS 
voltage-controlled voltage source, or VCVS 
current-controlled current source, or CCCS 
current-controlled voltage source, or CCVS. 


287 


288 Nonlinear (Polynomial) Dependent Sources App. C: 


The sources are uniquely specified by an element name begin- 
ning with the letter G, E, F or H and have units as described 
below: 


ELEMENT EQUATION ELEMENT TYPE UNIT 





VCCS I = G(V) Transconductance Siemen 
VCVS V=E(V) Voltage gain V/V 
CCCS I = F (J) Current gain A/A 
CCVS V =H (i) Transresistance Ohm 
A nonlinear dependent source can, depending on how it is spe- 
cified, be very linear. Perhaps a better name would be a 


polynomial source, since the equations that determine the 
source output are described by one or more polynomial co- 
efficients. The set of coefficients is p0, pl, Lo. ey) Opn. 
The meaning of a coefficient depends on how many controlling 
sources there are upon which the polynomial source depends. 
There is no limit on the number of controlling sources except 
one’s own ability to keep track of the coefficients. My lim- 
it is three, except on Mondays it is two. 


C.1.1 One-Dimensional Polynomial Equation 


If a polynomial source is itself a function of only one con- 
trolling source, it is said to be one-dimensional. An _ expres- 
sion for the polynomial source, called fv (for function val- 
ue) in terms of the controlling source, called fa, is 


fv = p0 + pl*fa + p2*fa2 + p3*fa> + p4*fa4 + 


If this were a VCVS, then the unit of pO would be volt, the 
unit of pl would be volt/volt, the unit of p2 would be 
volt/(volt*volt), etc. In order to make it easy to write 
element lines for one-dimensional polynomial sources, if one 
and only one coefficient is specified SPICE will interpret it 
to be the p1 coefficient, and assumes p0 = 0.0. 


C.1.2 Two-Dimensional Polynomial Equation 


If a polynomial source is itself a function of two control- 
ling sources, it is said to be two-dimensional. An expres- 
sion for the polynomial source, called fv (for function val- 
ue) in terms of the controlling sources, called fa and fb, is 
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fv = pO + pl*fa + p2*fb + p3*fa2 + p4*fa*fb + p5*fb2 
p6*fa> + p7*fa2*fb + p8*fa*fb~ + p9fb? ees, 


If this were a VCCS, then the unit of pO would be amp, the 
unit of pl and p2 would be amp/volt, the unit of p3, p4 and 
p5 would be amp/(volt*volt), and the unit of p6, p7, p8& and 
p9 would be amp/(volt*volt*volt). 


C.1.3. Three-Dimensional Polynomial Equation 


If a polynomial source is itself a function of three control- 
ling sources, it is said to be three-dimensional. An expres- 
sion for the polynomial source, called fv (for function val- 
ue) in terms of the controlling sources, called fa, fb and fc 
is 


fv = p0 + pl*fa + p2*fb + p3*fc + p4*fa2 + pd5*fa*fb + 

p6*fa*fe + p7*fb2 + p8*fb*fc + p9*fc2 + pl0*fa> + 

pll*fa2*fb + pl2*fa2*fc + pl3*fa*fb2 + pl4*fa*fb*fc 

+ pl5*fa*fc~ + pl6*fb> + pl7*fb2*fc + p18*fb*fc2 

+ p19*fc> + p20*fa4 # y- 
If this were a CCCS, then the unit of pO would be amp, the 
unit of pl, p2 and p3 would be amp/amp, the unit of p4 
through p9 would be amp/(amp*amp), and the unit of p10 
through p19 would be amp/(amp*amp*amp). 

Once I tried figuring out the coefficients for a 
four-dimensional polynomial source and my pencil started 
smoking. If all you are doing is adding four controlling 


sources, then pO = 0 and pl, p2, p3 and p4 would be 1. 
Beyond that, proceed with caution. 


C.2 NONLINEAR VOLTAGE-CONTROLLED 
CURRENT SOURCES 


The general form for a nonlinear VCCS is 


GXXXXXX N+ N- <POLY(ND)> NC1+ NCI- <NC24+ NC2-> 
+ PO Pl... <IC= ...> 
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where N+ and N- are the nodes to which the current source is 
connected. POLY(ND) must be specified if the VCCS has more 
than one dimension (the default is POLY(1)). NC+ and NC- are 
the positive and negative controlling nodes, respectively, 
and there must be a pair for each dimension. The initial con- 
dition, IC = , is the value of the controlling voltages at 
time zero. If initial conditions are not specified the de- 
fault value is zero. 


EXAMPLE: 


GSIMPLE 1 4 7 2 0 0.5 0.3 .06 
The controlled current that flows from node 1 to 
node 4 through GSIMPLE is a function of the voltage at node 7 
compared to node 2, and has the following equation 


1 = 0 + 0.5*V(7,2) + 0.3*V(7,2)2 + (6E-2)*V(7,2)> amp 


Since no POLY(ND) is specified, SPICE assumes GSIMPLE to be a 
function of one voltage only. 


EXAMPLE: 


GGOLLY 5 9 POLY(2) 1 0 3 4 .001 7M 80U 

Voltage-controlled current source GGOLLY is 
connected to nodes 5 and 9 (with positive current assumed to 
flow from 5 to 9 through GGOLLY) and is controlled by two 
voltages. The first controlling voltage is the node 1 to 
node 0 voltage, the second is the voltage at node 3 compared 
to node 4, PO = 1E-3, P!] = 7E-3 and P2 = 8E-5. This means 
that the expression for the current is 


I = 1E-3 + (7E-3)*V(1,0) + (8E-5)*V(3,4) amp 


EXAMPLE: 


It is possible to model a nonlinear resistor by using a 
nonlinear voltage-controlled current source of one dimen- 
sion. Consider a VCCS whose controlling nodes are the same 
as the nodes between which the current flows. The current is 
then a nonlinear function of the voltage; in other words, a 
nonlinear resistor. Examine the SPICE input file shown in 
Fig. C.l. GNLR is a VCCS connected between nodes 8 and 0, 
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oe NR. rt TO MODEL A NONLINEAR RESISTOR 
A NONLINEAR VOCS 15 USED TO MAKE A 

; RESISTOR WHOSE I-V GRAFH CURVES 

VOWEEP 5 @ OC 

VEENSE 5 8 @ 

# IN THE VCCS BELOW (GNLR}, THE 

z CURRENT THAT FLOWS BETWEEN NODES 

¥ § AND @ 15 CONTROLLED BY THE 

¥ VOLTAGE aria ois 8 AND @. 

BNLR 8 8 8G i 

»DC VOWEEF 2 1 is 

sFLGT OC T{VSENSE) (@,5) 

OPTIONS NOFAGE 


ND 


Figure C.1 Input File NONLINR.CIR. 


whose controlling nodes are 8 and 0. The equation for the 
current through GNLR is 


= 1*V + 4*V2 amp 


where V is the voltage V(8,0), and I is the current flowing 
from node 8 to node 0 through GNLR. Figure C.2 illustrates 
the VCCS and a test circuit to generate an I-V graph. 

The graph in the output file of Fig. C.3 shows that as 
the DC voltage source VSWEEP increases from 0 to 5 V, the cur- 
rent I(VSENSE) increases from 0 to 5 A. However, the slope 
is not constant; GNLR behaves as a_ voltage-dependent, non- 
linear resistor. 


VSENSE 


oo 
















ES vecs 


GNLA 


DEAD V SOURCE 


ACTS AS AMMETEA 
VSWEEP —— 


-o 


Figure C.2 VCCS Used to Make Nonlinear 
Resistor. 
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NONLINR.CIR TO MODEL A NONLINEAR RESISTOR 
sexe CIRCUIT DESCRIPTION 


EXEEE SEER ESE ERED EASELS ERED ERESEEEES EES TREE ERE EERE ER EREREL EERE EELE 


# & NONLINEAR VOCS 15 USED TO MARE A 
% RESISTOR WHOSE I-V GRAPH CURVES 
YEWEEF 2 @ DC 

YSENSE 5 6 3 

# IN THE VCCS BELGW {GNLR}, THE 

# CURRENT THAT FLOWS BETWEEN NODES 
* 8 AND § 15 CONTROLLED BY THE 

+ VOLTAGE BETWEEN NODES 8 AND @. 
GBNLR 6 #8 OB Oe 8 4 

+DC VOWEEF @ 1° 185 

PLOT DC T{VSENSE) (4,5) 

-OFTIONS NOFAGE 

END 


HERE DC TRANSFER CURVES TEMPERATURE = 27.900 DEG C 
VSWEEF T(VSENSE) 
O09) = LL PSODGG OED LPOG DHS 


AGED+GG =, BED HE + : . : 
3.0080-02 4. 808D-82 .* ' . : 
L.@00D-1 1.40@D-21 .# i : ‘ 


1.508D-21 2.40@D-01 . + 

2,000D-81 J.408D-@1 . + 

Z.008D-#1 S.G00D-B1 .  * 

3,8880-91 G4. 60@D-81 . * 

3.500D-81 8.408001 . £4 
4,0000-81 1. 840D+00 . ¥, 
4,5000-41 1. 260D+08 . # 
5,G000-81 1. S888. » * 
S.000D-#i 1. 78GD+8e . 2 
6.390D-81  2.049D+08 . ' * 


Be hed ed ed PPD Dl bet eee Poe tee 
8 a. ss 8 we 


6, 9800-G1 2.340008 . . #, 

7, @00D-81 2. G68D+80 . . * 

7.5880-G1 3.80008 . ' » #* 

8. 8000-1 2.360 . : ' eo, 

8.5800-81 2. 740D+80 . . . % 

5, 0900-01 4, 140D+86 . : : . #* 

5, 5800-91 4.560088 . ‘ : ‘ eo, 
L.2Gab+ae 3, 0000+89 . é . ‘ x 


JOB CONCLUDED 
TOTAL JOB TIME ood 


Figure C.3 Output File NONLINR.OUT. 
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C.3.> NONLINEAR VOLTAGE-CONTROLLED 
VOLTAGE SOURCES 


The general form for a nonlinear VCVS is 


EXXXXXX N+ N- <POLY(ND)> NC1+ NC1- <NC2+ NC2-> 
+ PO Pl... <IC= ...> 


where N+ and N- are the nodes to which the voltage source is 
connected. POLY(ND) must be specified if the VCVS has more 
than one dimension (the default is POLY(1)). NC+ and NC- are 
the positive and negative controlling nodes, respectively, 
and there must be a pair for each dimension. The initial con- 
dition, IC = , is the value of the controlling voltages at 
time zero. If initial conditions are not specified the de- 
fault value is zero. 


EXAMPLE: 


ESIMPLE 1 4 7 2 0 0.5 0.3 .06 
The voltage across nodes 1 and 4 (produced by VCVS 
ESIMPLE) is a function of the voltage at node 7 compared to 

node 2, and has the following equation 


V(1,4) = 0.5*V(7,2) + 0.3*V(7,2)" + (6E-2)*V(7,2)° volt 


Since no POLY(ND) is specified, SPICE assumes ESIMPLE to be 
a function of one voltage only. 


EXAMPLE: 


EPRODUCT 5 7 POLY(2) 20 22 31 33 0000 1 
VCVS EPRODUCT produces a voltage between nodes 5 and 
7 (positive and negative, respectively) which is the product 
of the voltages across node pairs 20 & 22 and 31 & 33. Thus, 
the equation for EPRODUCT is 


V(5,7) = 1.0*V(20,22)*V(31,33) volt 


This can be used to make amplitude modulation, either double 
sideband full carrier (DSB-FC) or double sideband suppressed 
carrier (DSB-SC). To do this, one of the controlling volt- 
ages would be a sinusoid at the carrier frequency, and the 
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other controlling voltage would be the modulating signal plus 
a constant (for DSC-FC) or without the constant (for DSB-SC). 


C.4 NONLINEAR CURRENT-CONTROLLED 
CURRENT SOURCES 


The general form for a nonlinear CCCS is 


FXXXXXX N+ N- <POLY(ND)> VNI <VN2 ...> 
+PO Pl... <IC = ...> 


where N+ and N- are the nodes to which the current source is 
connected. Positive current is understood to flow from N+ to 
N- through the CCCS. POLY(ND) must be specified if the CCCS 
has more than one dimension (the default is POLY(1)). VNI 
VN2... are the names of the voltage sources through 
which the controlling currents flow, and there must be one 
for each dimension. The initial condition, IC = , is the 
value of the controlling currents at time zero. If initial 
conditions are not specified the default value is zero. 


EXAMPLE: 


FUNKY 9 3 VINPUT 1 0.4 2 
Current-controlled current source FUNKY is connected 
between nodes 9 and 3, and is controlled by the current 
through independent voltage source VINPUT. The equation for 
the current through FUNKY is 


I = 1.0 + 0.4*1(VINPUT) + 2*(I(VINPUT))* amp 


Since no POLY(ND) is specified, SPICE assumes FUNKY to be a 
function of one voltage only. 


EXAMPLE: 
FUZZY 6 8 POLY(3) VA VB YC 0 2 3 4 
CCCS FUZZY causes a current to flow from node 6 to 


node 8, through FUZZY. The equation for the current through 
FUZZY is 


I = 2*VA + 3*VB + 4*VC amp 
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If the Pl, P2 and P3 coefficients (2, 3 and 4, respectively) 
were all made 1, then the current through FUZZY would be the 
sum of the currents through VA, VB and VC. 


C.5 NONLINEAR CURRENT-CONTROLLED 
VOLTAGE SOURCES 


The general form for a nonlinear CCVS is 


HXXXXXX N+ N- <POLY(ND)> VNI <VN2 ...> 
+ PO PL... <IC& 25> 


where N+ and N- are the nodes to which the current source is 
connected. Positive current is understood to flow from N+ to 
N- through the CCVS. POLY(ND) must be specified if the CCVS 
has more than one dimension (the default is POLY(1)). VNI 


VN2 make of are the names of the voltage sources through 
which the controlling currents flow, and there must be one 
for each dimension. The initial condition, IC = , is the val- 


ue of the controlling currents at time zero. If initial con- 
ditions are not specified the default value is zero. 


EXAMPLE: 


HITHERE 7 1 VX 0 2 0 4E2 
Current-controlled voltage source HITHERE is con- 
nected between nodes 7 and 1, and is controlled by the cur- 
rent through independent voltage source VX. The equation for 
the voltage across HITHERE is 


V(7,1) = 0 + 2*I(VX) + 4E2*(I(VX))°? volt 


Since no POLY(ND) is specified, SPICE assumes HITHERE to be a 
function of one voltage only. 
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Appendix E 


SOURCES OF SPICE-BASED 
CIRCUIT ANALYSIS SOFTWARE 





1. SPICE, Version 2G.6 and Version 3. 


Ms. Cindy Manly 

EECS/ERL Industrial Support Office 

497 Cory Hall 

University of California 

Berkeley, CA 94720 (415) 643-6687 


The development and writing of SPICE was done at the Uni- 
versity of California, Berkeley in the early 1970s. 
SPICE2G.6 is written in FORTRAN, while SPICE3 is based di- 
rectly on SPICE2G.6 and is written in the C programming 
language. Though they do not support SPICE, they can 
provide a substantial number of publications on the sub- 
ject of SPICE and related topics. Information on availa- 
bility can be obtained from the address listed above. A 
partial listing of the offerings available, and the 
prices (as of the spring of 1987) are: 


SPICE2G.6 User’s Guide $5.00 
SPICE3A.7 User’s Guide $5.00 
SPICE3A.7 User’s Manual $5.00 


299 


300 


Sources of SPICE-Based Circuit Analysis Software App. E: 


SPICE3A.7 Programmer’s Manual $5.00 
M520: L. Nagel, SPICE2:A Computer 
Program to Simulate Semiconductor 


Circuits, May, 1975. $30.00 
M592: E. Cohen, Program Reference 
for SPICE2, June, 1976. $15.00 


SPICE2G.6 source code is available from certain 
re-distributors designated by U.C. Berkeley for the 


following machine/operating system combinations: CDC, 
DEC VAX running UNIX, DEC VAX running VMS, Honeywell, IBM 
(not for PCs), Unisys Corporation, and Prime. For 


information on where to obtain SPICE2G.6 for a mainframe 
computer listed, write to the address listed above. 
SPICE3A.7 is available for VAX/UNIX or VAX/VMS systems 
directly from U.C. Berkeley. 


2. PSpice. 


Microsim Corporation 
23175 La Cadena Drive 
Laguna Hills, CA 92653 (714) 770-3022 


PSpice is a version of Berkeley SPICE for the IBM-type 
personal computer (although Microsim makes software for 
other computers) which has some differences from Berkeley 
SPICE2G.6 . Some of the differences are: 


Improved convergence algorithms, leading to faster 
transient analysis results. 


No need for dummy voltage sources to be used as 
“ammeters" to measure current in a branch; PSpice 
can give the current through a _ resistor, capacitor, 
or inductor directly. 


PSpice lacks distortion analysis (.DISTO) and _ cer- 
tain distortion output variables are not available. 


PSpice always uses the trapezoidal integration 
method; Berkeley SPICE allows the Gear method to be 
substituted for the default trapezoidal method of in- 
tegration. 
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PSpice has a_ graphics post-processor called "Probe," 
which amounts to a_ software. oscilloscope. With 
Probe, one can look at results of a simulation using 
graphics on the computer monitor, or can obtain high- 
quality hardcopy on a printer or plotter. 


A math co-processor chip is required to use PSpice. 


NOTE: An educational version of PSpice (with Probe) is avail- 
able to educators at no cost from Microsim Corporation. This 
version has certain limits on circuit size but is a very pow- 
erful tool nonetheless. A math co-processor chip is needed 
only for using Probe with this version. 


3. ALLSPICE. 


Contour Design Systems, Inc. (formerly ACOTECH) 
713 Santa Cruz Avenue, Suite 2 
Menlo Park, CA 94025 (415) 325-7999 


ALLSPICE is a derivative of U.C. Berkeley SPICE 2G6 
which is designed for an IBM-type PC. It is menu-driven 
and interactive but can be run in batch mode. It offers 
a graphics post-processor (called GINGER) and comes in 
versions for 512K and 640K of PC memory. A demo version 
is available. A math co-processor chip is required for 
both the demo and regular versions. 

Also available is COMPLIB, an extensive library of 
models for semiconductors and ICs. COMPLIB versions for 
the PC and VAX systems can be supplied. 


4. IS_SPICE. 
Intusoft 
P.O. Box 6607 
San Pedro, CA 90734-6607 (213) 833-0710 
IS_SPICE is for IBM-type personal computers, and offers 
DC, AC, and transient analysis capability. Intusoft also 
offers PRE_SPICE and Intu-Scope add-ons, which are useful 
additions. Intu-Scope is a graphics post-processor util- 


ity. One requirement with IS_SPICE is that .PRINT state- 
ments must precede .PLOT statements. 
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5. Z/SPICE. 


ZTEC 
P.O. Box 737 
College Place, WA 99324 (509) 529-7025 


Z/SPICE is for IBM-type personal computers, and offers 
DC, AC, and transient analysis capability. It is a 
direct translation of Berkeley SPICE 2G.5. 


6. SPICE/SPlot Graphics Processor. 


California Scientific Software 
1159 N. Catalina Ave. 
Pasadena, CA 91104 (818) 798-1201 


This PC version of Berkeley SPICE 3a7 and 3b1 includes N 
and P MESFET’s, distributed RC lines and switches. In 
addition to the 2G.6 analysis types, pole-zero analysis 
is included. SPlot is a graphics post-processor which 
makes graphs and can drive printers and plotters. 


A 


Absolute value circuit, 218-21 
ABSTOL option, 269 
AC analysis, see Analysis: AC 
ACCT option, 268, 271 
Active filter, 6, 111, 183-88 
Ammeter, see Dead voltage source 
Amplitude modulation, 219-25, 287, 293-94 
Analysis: 
AC (.AC), 21, 41-44, 60, 62-64, 73, 152, 
166-98, 243, 253, 259 
DC (.DC), 36-40, 61-62, 152, 160-66, 223, 
226, 259 
distortion (.DISTO), 61, 67-68, 153, 
243-47, 259 
Fourier (.FOUR), 61, 69-70, 75-76, 153, 
235-38, 259 
nodal, 3 
noise (.NOISE), 61, 68-69, 153, 253-59 
operating point (.OP), 61, 65-66, 
153-57, 238-43, 259 
sensitivity (SENS), 61, 67, 153, 248-52, 
259 
temperature (.TEMP), 61, 70-71, 153, 
223-34, 259 
transfer function (.TF), 61, 66, 153, 
227, 238-43, 259 


INDEX 


transient (.TRAN), 45-48, 61, 64-65, 153, 
193-223, 259, 272-73, 282-83 
types, 12, 60-61, 77-78 
Area factor, 97, 98, 100-101, 103-104, 142, 
162 
Astable, 148, 212-18, 271 


B 


Balun, 126-34 
Bandwidth, 127, 177, 179 
Beta, see BF, BR 
BF, BJT forward beta, 1, 96, 102-103, 141, 
147-48, 165 
Bipolar junction transistor (BJT): 
changing model, 146-49 
element line, 100 
model line, 100-103, 186, 211 
parameters, 102 
using CCCS, 56-58 
Bistable, 166, 271 
Bode pilot, 81, 84, 166, 186, 193 
BR, BJT reverse beta, 102-103 
Breakdown voltage (BV), 98-99, 142 
BV, see breakdown voltage 
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C 


Capacitor: 
element line, 17-18 
initial condition, 17 
nonlinear, 18 
Circuit description, 32 
CMOS FET inverter, 206-10 
Coefficient of coupling, 19, 179, 276 
Comment lines, 12, 14 
Common-mode gain, 249 
Common-mode rejection ratio, 243 
Computing time step (TMAX), 64, 148 
Continued element line, 15, 27 
Control lines, 12 
.AC, 60, 62-64, see also Analysis: AC 
.DC, 60, 62, see also Analysis: DC 
.END, 12-14, 31 
.ENDS, 112 
.DISTO, see Analysis: distortion 
.FOUR, see Analysis: Fourier 
IC, 64-65, 272-78, see also Initial 
conditions 
MODEL, 96-110, see also MODEL line 
.NODESET, 271-72 
.NOISE, see Analysis: noise 
.OP, 61, 65-66, 153-57, 238-43, 259 
OPTIONS, 268-71, see also .OPTIONS 
control line 
-PLOT, 81-85, see also Plot 
.PRINT, 78-81, see also Print 
.SENS, see Analysis: sensitivity 
.SUBCKT, 111-18, see also Subcircuits 
.TEMP, see Analysis: temperature 
.TF, see Analysis: transfer function 
-TRAN, see Analysis: transient 
.WIDTH, 267-68 
Controlled sources, see Dependent sources 
Current convention, see Positive current 
convention 
Current source, 16 
current-controlled, 20, 56, 275 
voltage-controlled, 20, 52, 158 


D 


Damping factor, 24, 280 

Datum node, 11, 30, 32-34 

DC path to ground, 13, 179 

Dead voltage source, 20-21, 56, 58, 79, 
134, 145, 154, 158, 203, 223, 275 

DEC, see Analysis: AC 

Decibels, 77, 80, 81, 83-85, 135, 174-75 

Dependent sources, 51-59 

Deviation, see FM source 


Index 


Differential amplifier, 74, 186-93, 226-34, 
243-48, 248-52, 253-58 
Diode: 
changing model, 142-46 
element line, 97 
emission coefficient (N), 99, 143-45, 
203, 235 
example, 160-62 
ideal, 142, 144-45, 235 
model line, 97-99, 160, 235 
parameters, 99 
volt-ampere characteristic, 160-62, 223 
Distortion analysis, see Analysis: 
distortion 
Dot convention, 19, 277 
Double sideband (DSB), 222-23, 293-94 
Dummy resistors, 29, 74, 182, 222, 278 


E 


Early voltage (VAF, VAR), 102-103, 147, 298 
Ebers-Moll BJT model, 101, 298 
ECAP, 2 
EKG, see electrocardiogram 
Electrocardiogram, 27, 197-202 
Element: 
lines, continued, 15, 27 
lines, rules for, 12, 15-29, 97, 100, 
103, 105-106, 120-21, 134 
name, number of characters, 11 
types, 16 
Emission coefficient (N), 99, 142-45, 203, 
235 
End, input file (END), 12-14, 31 
End, subcircuit (.ENDS), 112 
Engineering suffixes, 15 
Error messages, 35 
EXP, see independent sources 


F 


FET, see JFET, MOSFET 
File: 
input, 3, 9, 12, 32 
output, 9, 32 
Filter: 
active, 183-88 
high-pass, 74 
notch, 73-74 
Flowchart for SPICE use, 11 
FM source, 21, 27-29 
Formatting tables and graphs, 77-95 
Fourier analysis, see Analysis: Fourier 
Frequency modulation, 21, 27-29 


Index 


G 


Graphics post-processor, 7, 93-94, 301-302 
Graphing, see also Plot 

high-quality, 93-94 
Gummel-Poon BJT model, 101, 298 


H 


Half-wave rectifier, 200-206 

Harmonics, see Analysis: Fourier or 
Analysis: distortion 

Header, 35 


I 


IC, see initial conditions 
Independent sources, 19-29 
current convention, see Positive current 
convention 
exponential, 25-26 
piece-wise linear, 26-27 
pulse, 22-23, 45-48, 194, 280-83 
single frequency FM, 27-29 
sinusoidal, 24-25 
Inductors: 
coefficient of coupling, 19 
dotted end, 19, 277 
element line, 18 
mutual, 19 
nonlinear, 18-19 
Initial conditions (.IC), 64-65, 215, 259, 
272-73 
for BJT, 100 
for capacitor, 17 
for diode, 97 
for inductor, 18 
for nonlinear sources, 290, 293, 294-95 
for transmission line, 120-21 


J 


JFET: 
changing model, 149-50 
element line, 103-104 
example, 162-65 
model line, 104-105 
parameters, 105 
Shichman and Hodges model, 104-105 
using VCCS, 52-53 


K 


K, see coefficient of coupling 
Kirchhoff’s current law, 3 
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L 


LIMPTS, 65, 270 

LIN, see Analysis: AC 

Loss, see Transmission lines 
LSI, 5 


M 


Mainframe computer, 14, 34-35, 268, 300 
Meyer’s MOSFET model, 109 
Microsim Corp., 94, 300-301 
-MODEL line, 96-97 

BJT, 100-103, 148, 211 

diode, 97-99, 142 

JFET, 104-105, 149 

MOSFET, 107-110, 150 
Modulation index: 

for AM, 219 

for FM (MDI), 28-29 
MOSFET: 

element line, 105-106 

example with NAND gate, 206-210 

model line, 107-110 

models available, 109 

-OPTIONS line for default parameters, 

106, 107 

parameters, 108 

substrate node, 12 
MSI, 5 
Multipliers, 287 
Mutual inductors, 19 

dotted ends, 19 


N 


Nagel, Lawrence, 3-4, 7, 297, 300 
NAND gate, 116 
CMOS, 206-210 
Newton-Raphson method, 4 
Nodal analysis, 3 
Node: 
datum, 11, 30, 32-34 
numbering, 12, 31 
NODE, see .OPTIONS, NODE 
-NODESET control line, 271-72 
Noise analysis, see Analysis: noise 
Nonlinear source, 219, 222, 277-78, 287-95 
current-controlled current source, 
294-95 
current-controlled voltage source, 
295 
voltage-controlled current source, 
289-92 
voltage-controlled voltage source, 
219-22, 293-94 
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NOPAGE, 36, 269, 271 

Normalized electrical length, 120-22 
Notch filter, 73-74 

Number suffixes, 15 


O 


OCT, see Analysis: AC 
Op-amp, 54-55, 74, 76, 111, 185, 218, 
238-43 
Operating point (.OP) analysis, 61, 65-66, 
153-57, 238-43, 259 
Operational amplifier, see Op-Amp 
OPTIONS control line, 106, 216, 268-71 
ABSTOL, 269 
LIMPTS, 65, 270 
NODE, 135-36, 156, 269, 271 
NOPAGE, 36, 154 
RELTOL, 216, 269, 271 
TNOM, 71, 269 


P 


Paper, avoid wasting, 35-36, 67, 69 
Path to ground, 13-14 
Piece-wise linear (PWL) source, 22, 26-27, 
166, 193, 196-97 
Plot (.PLOT), 38-42, 44, 62-63, 81-86 
in AC analysis, 83-84 
control line, 81-82 
in DC and transient analysis, 82-83 
example of, 86-93 
format, 82 
interpreting numerical data, 86 
limits, 81-82, 93, 162, 206, 211 
in noise and distortion analysis, 84-85 
Polynomial source, see Nonlinear source 
Positive current convention, 20, 156 
Post-processor, graphics, 7, 93-94, 301-302 
Power in independent sources, 20, 156 
Precision rectifier, see Rectifier, 
precision 
Pre-emphasis circuit, 72-73 
Print (.PRINT), 38-42, 62-63 
in AC analysis, 74, 78-80 
control line, 78 
in DC and transient analysis, 78-79 
example of, 86-89 
format, 78 
interpreting numerical data, 85-86 
in noise and distortion analysis, 80-81 
PROBE, 93-94, 301 
Propagation delay, 6 
Pseudo-element, 113 
PSpice, 94, 300-301 
Pulse source, see Independent sources 
PWL, see Piece-wise linear 


Index 


Q 


Q, see Quality factor 

Quality factor, 41, 50, 176, 179 

Quarter-wavelength transmission line, 
134-39 


R 


Rectifier: 
half-wave example, 200-206 
precision, 218-21 
Reflected impedance, 182 
RELTOL, see .OPTIONS control line, RELTOL 
Resistor: 
dummy, for DC path, 29, 74, 182, 222 
element line, 16-17 
nonlinear, 287, 290-92 
temperature coefficient, 16-17 
Ripple voltage, 206 


S 


Saturation current (IS), 98-9, 102-103, 
105, 108, 142-45 
Saturation of op-amp, 55 
Scientific notation, 14-15, 85-86 
Semiconductor devices, 96-110, 141-51 
Sensitivity analysis, see Analysis: 
sensitivity 
SFFM, see FM source 
Shichman and Hodges FET model, 104-105, 109 
SIN independent voltage source, 21, 24-25, 
280 
Slew-rate, 54, 185 
Small-signal: 
bias solution, 13, 32, 36, 41, 152, 154, 
182, 227 
distortion characteristic, 67 
model, 189 
sensitivity, 67, 248-52 
Smoke, real transformer, 276 
Smoking pencil, 289 
Sources, dependent linear, 51-59, 158 
Sources, dependent nonlinear, 287-95 
Sources, independent, 19-29 
current convention, 20 
dead, used as ammeter, see Dead voltage 
source 
time-dependent functions, 22-29 
SPICE: 
acronym, 7 
background information, 7-8 
bibliography, 296-98 
flowchart, 11 
ground rules, 9-29 
history, 5-8 


Index 


how it’s done, 3-4 
interpreting output, 85-86 
process for using, 10-13 
run on mainframe computer, 34-35 
versions, 299-302 
SSI, 5 
Standing-wave ratio, 127 
Subcircuits, 111-18, 185, 218-19 
external nodes, 112 
internal nodes, 112 
nested, 118 
Suffixes, engineering, 15 
Switch, model for, 277-86 


T 


Tank circuit, 41-44, 196-97 
Temperature analysis, see Analysis: 
temperature 
Temperature coefficient, 16-17 
Temperature effects in ICs, 6 
-TF, see Analysis: transfer function 
Three-phase power, 279-86 
Time step, in transient analysis, 12, 206 
Title line, 12, 31-32 
TMAX, 64, 70 
TNOM, 71, 269 
Transconductance, 51, 52, 53, 66, 107, 278, 
282, 288 
Transfer function analysis, see Analysis: 
transfer function 
Transformer: 
coefficient of coupling, 179, 276 
example, 179-82 
ideal, no inductors, 275-76 
ideal, with inductors, 276-77 
transmission line, 134~39 
Transient analysis (.TRAN), see Analysis: 
transient 
available independent sources, 22 
UIC option, 215 
Transistor, see Bipolar junction, JFET, 
MOSFET 
Transit time: 
(TF & TR) of BJT, 102-103, 148 
(TT) of diode, 99, 142 
Transmission lines, 119-40 
adding loss, 119-20 
balun, bandwidth, 126-27 
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characteristic impedance (ZO), 120 
electrical length (NL), 120-21 
element line, 120-21 
initial condition, 120-21 
input impedance, 127-34 
nodes, 12 
propagating mode, 121 
quarter-wavelength, 134-39 
time-domain reflectometry, 123-26 
transient analysis time step, 119 
transmission delay (TD), 121-23 
velocity factor, 121-22 
Transresistance, 51, 58, 66, 288 
Triangle: 
current source, 22 
voltage source, 86, 87, 166, 193-96 
TSTART, 64, 282 
TSTEP, 23, 64, 65 
TTL inverter example, 165-68, 207-14 
Turns ratio, 275 


U 


UIC (use initial conditions), 17, 18, 64, 
215, 272-73 


v 


VAX mainframe computer, 14, 34, 300 
VLSI, 5 
Voltage source, 16 
current-controlled (CCVS), 58 
dead, as ammeter, see Dead voltage source 
voltage-controlled (VCVS), 54, 72, 
218-20, 275 
Volt-ampere characteristic, 160-62, 223 
VSWR, 127 
VTO: 
JFET parameter, 104-105 
MOSFET parameter, 108-109, 206 


W 


Ward and Dutton MOSFET model, 109 
Wasting paper, avoiding, 35-36, 67, 69 
Wein circuit example, 169-74 

-WIDTH, see Control lines, .WIDTH 


